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Dr. Howard O.McMahon




In Memoriam

The world of cryogenic engineering and smal! cryocooler technology was saddened
by the dearh on August 5, 1990, of Dr. Howard O. McMahon, former President of Arthur
D. Little, Inc., and a member of the Board of Directors of Helix Technology Corporation.
He was 75 years old.

Dr. McMahon'’s pioneering efforts in the field of cryogenics made possible impor-
tant contributions to the advancement of science and technology. In the late 1940’s and
1950's, Dr. McMahon was responsible for developing and commercializing the Collins-
ADL Helium Cryostat. The first commercial helium liquefier permitted universities and
research laboratories throughout the world to conduct experiments at low temperatures
and make important advances in the fields of chemistry, physics. biology, metallurgy,
electronics and astronomy.

It was in the late 195Q0°s 1t Arthur D. Little, Inc., that Dr. McMahon and William E.
Gifford invented the Gifford-McMahon cryogenic refrigeraticn cycle—a unique method
of reliably providing closed-cycle refrigeration at temperatures below 10 degrees kelvin.
Initially, Gifford-McMahon crycgenic refrigerators were used for a variety of applica-
tions including the cooling of infrared detectors, ivw-noise ground-based receivers for
satellite communication networks and experiments in low-temperature spectroscopy at
long wavelenths.

With the birth of the microelectronics industry came the need for processing silicon
wafers in clean, high-vacuum chambers. The ability to achieve ultra-clean conditions in
vacuum processing chambers using Gifford-McMahon cryopumps has had a significant
impact on the development of the complex high-speed, high-capacity integrated circuics
of today. Subsequently, the Gifford-McMahon cryogenic refrigeration cycle became the
industry standard refrigeration cycle for cryopump applications in the rapidly growing
semiconductor industry.

A native of Alberta, Canada, and a naturalized citizen of the United States,
Dr. McMahon received his B.A. and M.A. from the University of British Columbia in
1935 and 1937, and his Ph.D. in Physical Chemistry from the Massachusetts Institute of
Technology in 1941. In 1943 he joined Arthur D. Little, Inc. and in 1964 became Presi-
dent, continuing as a Director until 1978.

Dr. McMahon was the author of many technical papers and held 22 patents on a
wide vaiiety of inventions. In 1979, Dr. McMahon was awarded the S.C. Collins Award
in recognit,on of his outstanding technical contributions and dedicated service 10 the
cryogenic community.

Dr. McMahon's inspiration and influence reached into many aspects of cryogenic
engineering, especially into the advancement of small cryogenic coolers for commercial
applications. In grateful recognition of his contributions, the Proceeding of the Sixth
International Cryococler Conference is dedicated Dr. Howard O. McMahon.




FOREWORD

These two volumes contain the proceedings of the Sixth Intemational Cryocooler
Conference (ICC), held in Plymouth, Massachusetts, on October 25-26, 1990. Peter J.
Kemey of CTI-CRYOGENICS was the conference chairman; Geoffrey Gre=n of the
U.S. Navy's David Taylor Research Center served as program committee chairman.

The first cryocooler conference, held in 1980, was designed to stimulate interest
and discussion in the scientific and engineering community about the latest develop-
ments and advances in refrigeration for cryogenic sensors and electronic systems at tem-
peratures below 20 kelvin. Since then the ICC has been held every second year, and the
topic has been expanded to include scientific and technological developments in small,
closed-cycle refrigerators and components operating at temperatures up to about 80 K.

This year, close to 260 participants gathered from all over the world. They repre-
sented numerous universities, private companies, and government and commercial labo-
ratonies, both foreign and domestic.

Fifty-four papers were presented. The speakers described advances in many areas of
cryocooler technology. The discussions included advanced regenerators, Gifford McMa-
hon systems, pulse tube and sorption coolers, Stirling, Joule-Thomson, magnetic, and
hybrid ceolers, and a broad range of applications and component technologies.

The development of a small, compact, reliable and efficient cryocooler continues to
be prionty for cryogenics. We are pleased to present these proceedings, which we be-
lieve show further significant progress in the field.

—The Editors
ACKNOWLEDGMENTS

The Sixth Intemational Cryocooler Conference Board would like to thank the fol-
lowing corporations, whose generous support contributed to the success of the 1990 Con-
ference:

Arthur D. Little, Inc.

Creare Inc.

Cryomech, Inc.

CTI-CRYOGENICS, Division of Helix Technology Curporation
Janis Research Corporation

Lake Shore Cryotronics Inc.

Leybhold Vacuum Products Inc.

Magnavox Electio-Optical Systems

MMR Technologies Inc.

Nichols Researcn Corporation




CONTENTS- -VOLUME |

SESSION I: APPLICATIONS

Cryorefrigerator Evaluation for Future Magnetic Resonant
Imaging Applications, RA. Ackermann .............................. 3

4 K GM/IJT Cryocooler for Crvogenic Sensors, Yoon-Myung Kang,
Tadashi Ogura, Satoru Uosaki, Katsumi Sakitani, Shuichi Sochi,
Shuji Fujimoto, xsen-icii Sata and Naoki Fukui ................... ... 17

Characterization of Miniature Stirling-Cycle Cryocoolers for Space
Application, R.G. Ross, Jr., D.L. Johnson and R.S. Sugimura ............ 27

The Use of Cryocooler for Computer Cooling, Hsien-sheng Pei
and StephenHeng ...... ... ... ...l 39

Performance of a Prototype, S Year Lifetime Stirling Cycle Refrigerator
for Space Applications, C. Keung, P.J. Patt, M. Starr and R. McFarlane .... 53

SESSION I1: PULSE TUBE AND SORPTION COOLERS
System Design Analysis of Puise-Tube Cryocooler, B.J. Huang, L.T. Lee

and CW. Lu ... 77
Pulse Tube Cooler Modeling, G.M. Harpoleand CK.Chan .............. 91
Activated Carbon Test Assembly, Ben P.M. Halvensteijn and

AliKashani ......... .. . 103

Development of a High Density Activated Carbon-Carbon Composite
for Cryogenic Applications, Gilbert Brassell, James Lieberman

and Josephine Curtis .......... ... ... . i e 115
Reliability and Life of Sorbent Materials for Sorption Coolers,
G. Mon, L.C.Wen,J.J. Wu, S. Bardand A. Garnica ................... 129

SESSION OHIA—SPACE COOLERS AND
SESSION IIIB—REGENERATOR TECHNOLOGY

Is the V-Groove Radiative Cooler Optimized? Peter Kittel . .............. 145

Long-Lifetime Stored Cryogen Systems Using Refrigerators to
Reduce Parasitic Heat Input, Richard A. Hopkins, Jeffrey H. Lec,

Rodney L. Oonk, Chris D. Miller and Stephen J. Nieczkowski .......... 153
Effect of Void Volume in Regenerator, Yoichi Matsubara

and Yo Hiresaki ...... ... ... . 173
Measurement of Regenerator Performance in a Pulse Tube Refrigerator,

Wayne Rawlins, K.D. Timmcrhaus and Ray Radebaugh .. ... .. ... ... 183

Ceramic Compuosite Regenerator Materials, W.IN. Lawless .. ..... ......, 163




CONTENTS—VOLUME I (continued)

SESSION IVA—STIRLING COOLERS 1 AND
SESSION IVR—JOULE-THOMSON COOLERS 1

Stirling Cooler Optimization, Gavid Gedeon ......................... 203
Development of Stirling Cycle Cooler and Integranon of this Cooler
into a Biological Storage Freezer,RussellC. Tipton .................. 217
Considerations in Using Joule-Thomson Coolers, Glenn E. Bonney
andRalph C. Longsworth ... ... ...... ... ... ... ... oo 231
Characterization ¢f Coolants for Joule-Thomson Cryocoolers,
B. Maytaland S.W. Van Sciver .......... ... ... ... .. .. .. ... 245
Recent Developments in Clog nesistant and Demand Flow Cryostars,
J.W. Prentice, G. Walkerand S.G. Zylstra .. ... .......... ... .. ....... 257
VOLUME II T

SESSION V—REGENERATOR/RARE EARTH
Two-Stage GM Refrigerator with ErsNi Regenerator for Helium
Liquefaciion, Toru Kuriyama, Maszhikc Takahashi and
Hideki Nakagome ... ... ... .. .. . . i 3
High Efficient 4 K Refrigerator (GM Refrigerator with JT Circuit)
Using ErsNi Regeneraror, Hideki Nakagome, Ryuichi Hakamada,

Masahiko Takahashi and Toru Kuriyama .............. ... .......... 15
Two-Stage Gifford-McMahon Cycle Cryocooler Operating at about 2 K,
Takashi Inaguchi, Masashi Nagao and Hideto Yoshimura ............... 25

Generation of Superfluid Helium by a Giffard-McMahon Cycle
Cryocooler, Masashi Nagao, Takashi Inaguchi, Hideto Yoshimura,
Shirou Nakamura, Tadatoshi Yamada and Masatami lwamoto . ........ ... 37

SESSION VIA: STIRLING COOLERS LI AND
SESSION VIB—JOULE-THOMSON COOLERS II

Development of an Efficient, Bellows Driven Stirling Cycle Cryocooler,

Sibley C. Bumnett, John R. Purcelland Carl). Pusso . .................. 51
Superfluid Stirling Refrigerator: A New Method for Cooling
Below I Kelvin, V.Kotsubo and G.W. Swift .......................... 59
A Linear Drive Stirling Cycle Cryocooler for EQ/IR Applications, .
Alan L. Weeks . ... ... 71 T
Vibration Characteristics of Small Rotary and Lirear Cryogenic
Coolers for IR Systems, WJ. Gullyand MMW. Hanes ................... 85

A Gas-Fired Duplex-Stirling Cryorefrigerator to Liquefy Natural
Gas for Automotive Fuel, Woody Ellison, Emest E. Atkins,
Dr. Graham Walker and Steven G. Zylstra

vi




CONTENTS—VOLUME II (continued)

Thermodvynamic Analysis of Mixed Fluid Joule-Thomson Cryocoolers,

B. Maytaland S W. Van Sciver ...... ... . ... . .. i i 11t
A Long Life Oil Lubricated J-T Cryocooler for Space Applications,

James Lester, Robert Levenduski and Roger Scarlotti ................. 137
Developmen: of a Fast Cooldown J-T Cooling System, G. Pahler,

H. Maier, R. Maier and M. Bareiss .................. ... .. ... ...... 153

Development of a Fast Cooldown, Joule-Themson Microminiature
Refrigerator and Vacuum Package, for Operation of Infrared,

Focal Plane Arrays ar 70K, W.A. Littteand R L. Paugh ......... ... ... 161
Recent Practical Applications of Open Cycle, Compressor Based
Joule-Thomson Cooling,PaulBenson .. ............................ 171

SESSION VIIA—MAGNETIC COOLERS AND
SESSION VIIB—SPACE COOLERS I

Design of the Regenerative Magnetic Refrigerator Operating

Berween 4.2 K and 1.8 K, Sangkwon Jeong and Joseph L. Smith, Jr. . ... .. 189
Analvsis of a Magnetic Refrigerator Operating Temperature

Berween 10 K and 1.4 K, 1akenori Numazawa, Hideo Kimura,

Mitsunori Sawo and Hiroshi Maeda .. .............................. 199
A Preliminary Numerical Study of Magnetic Refrigeration,

CoCamPelis . o e 215
The Magnerocaloric Effecr in Nanocomposites, Robert D. Shull,

Lydon J. Swartzendruber and Lawrence H. Bennent ................... 231
Rare-Earth Intermerallic Components for Magnetic Refrigerants,

Alexander Tishin ....... .. .. ... ... ... . . 247
Supercritical Helium Dewar Space Flight Results, Paul Forney ........... 251
A Continuously-Operaring Dilution Refrigerator for Space

Applications,PatR. Roach ....... ... ... .. ... . ... ... ... ... ..., 263
Heart Driven Cryocooler for Sateilite Bus Use, Robert M. Lerner ......... 273
Key Attributes and Generic Requirement:s for Cryocooler

Application on Microsats, John Lester Miller . ..................... .. 285
Development of Small Vuilleumier Crvocoolers for Space Use,

Masakuni Kawada, Shunsuke Hosokawa and IsaoKudo ............... 205

Immersion vs Conduction Cooling of a Niobium Josephson
Junction Integrated Circuit: Characterization and Performance
Correlations at Low Frequencies, Edward Hershberg, Kimberly
Godshalk, Vallath Nandakumar, Soo Young Lee and Bruce Murdock .. ... R

Effect of Tube Temperature Profile on Thermal Acoustic
Oscillations in Liquid Hydrogen Systems, Y.F. Gu and
K.D. Timmerhaus .. ... ... . . . 329




CONTENTS—YOLUME 11 (continued)

Simulation of a Near-Isothermal Expander, M.G. Norris, J.L. Smith, Jr.

and JA Crunkleton . ... ... ... i e e 341
Development af a He Il Gap Hear Switch for a 2K 1o 10K ADR,
Ali Kashani and Ben PM. Helvensteijn . ......... ................... 355

Micro and Nanno Cryocoolers.: Speculation on Future
Development, Graham Walker and Edward R. Bingham ... ............. 363




Session I — Applications

Chairperson: Marty Nisenoff, NRL

Co-Chairperson: Frank Kadi, Levbold Vacuum Products, Inc.




CRYOREFRIGERATOR EVALUATION FOR FUTURE
MAGNETIC RESONANT IMAGING APPLICATIONS

AL Ackermann
Gl Corporate Rescarch and Development
Schenectady, New York 12301

ABSTRACT

Guttord MeMahon enyorefrigerators are now used very successfully on all GE mag-
netic resonant imaging systems to reduce ligud hetium consumption. However, this
e bas abo demonstrated the need for ahighty reliable and superior quality product.
Naise, contamination, and distarbances have all created problems and have fed o the

need tor costly product improvements to meei custaaner aceeptance.

To characterize ervoredrigeriton poncinoaaes and evaluate ctiabiliy, G Cor-
porate Research and Development (GO started aitexperimental progeani in
TOSS to medasure the capactty of commessadly avaiiable two-stage Gitford MeMahon
CGAD) evdde retmzeratons and o detine then primary modes of failure in asiniulated
nrznetce resonance imaging envivonment. The program has included the pertorniaice
tEpping of siy commercial refrigerators, lite testing oi three machines, and the
avaluation of dll failures s they occurred. Performance mapping was performed over
arange of heatloads from 010 30 W oon the tirst stage, and 910 3 Won the second
stage. Endurance testing has consisted of aecumulating over 28,000 hours of epera-
ton on three machines. Fatlure modes analysis has consisted of ionitoring gas purity
with o gas chrontograph and mass spectrometer and the close inspection of all failed
LS.

This paper describes the results of the Toad mapping and endurance testing per-
formed, and compares these results with projected Tuture reguirements for GE-MR]
applications, Testing hax shown that the capcity of existing machines is too fow for
future applications, and that contamination fatdures caused by the slow buildup of CO»
and N» i the cold head appears to be @ major tactor imiting reiiability and shortening
mantenanee intervils of GM refrig rators,

INTRODUCTTON

The use of A GM refrigerator on an MRI magnet has chiminated the need for
bquid mitrogen cooling ot a thermal shield and has reduced the higuid helivm con-
sumption from 0.5 /b to dess than G.0S T/ for 1 2.5-ton magnet and helinm con




tainer. This success has led to the use of a GM refrigerator on all GE-MRI svstems
and has made servicing and reliability a critical issue for overall prodiet success.

The ervoretrigerator test program being conducted at GE-CRID s directea ot

. ¢ & &
characterizing the performance of commercially aviailible tvo-stiige GM refrigerators
and estabiishing failure modes. The objective of this work is twoiold:

1. To churacterize commercial GM retrigerator performance tor evaduation
against future requirements.

Toncrease the ficld service mterval to greater than 2 vears, und depot
mainicnance —detined as requiring shipment of eihier the cold head or compres-
sor to acentral facility - to 4 vears.

Fhe asserbhy or o GNP retnpzeraton on o GENREsosteny showno el 10 and
Pie 2 shows the mounting of the reingetator on the envostat. T tas miounting
conticiiration, the reinzeiaton cold head extends o asleeve mthe aovostat and coi-
pocts o the it and secondssicpe thormoe sheelds by tlcalae thonaai stigps . The o
Sichas are memtaimcd Gricmpenaiaes of sttt R ton thovriter as stace shicka

e P2 Iy Koton the v socond sivse sThachd e monssiem s STeeve st Lo st

rate the retreraton Tros the tiatin cnvosha vacsain for castei rehiperatos nnnte

Bl

Fig. 1. MRI magnoet systen.




TEST PROGRAM

The test program consisted of load mapping and endurance testing. The load map-
ping was performed by mounting the cold head in a liquid nitrogen-shielded vacuum
vessel, and attaching a thermal shield to the first stage and a thermal station to the
sccond stage of the cold head (Fig. 3). Electrical resistance heaters were attached to
the thermal sitield and to the second-stage thermal station, and calibrated carbon glass
resistance temperature sensors were mounted on the cold head first and second stages
to measure temperature. The load mapping was performed by applying heat to the
Tirst auid second stages: 0to 30 W on the first stage and 0 to S W on the seeond stage.
The heat load and teraperatures were monitored with @ PC-based data acquisition sys-
tem that was also programmed to automatically sct the heat loads on each stage,
based on a steady-state temperature criterion of less thun 0.01 K over 4 15-min inter-
val. Fig. 4 depicts the test setup for the load mapping, and Table 1 lists the refrigera-
tors that were tested along with their nominal ratings as given by the manufacturer.

Endurance testing has consisted of continuously running three refrigerators, two
mechanically driven and one pneumatically driven, to accumulate operating hours at a
fixed operating point. The refrigerators were run in a simulated MRI environment by
setting a thermal load on the first and second stages, controlling the cooling water to
70°°F, and operating the cold head in the vicinity of a stray magnetic field similar to
that seen on a 0.5-T MRI system. The first- and sccond-stage temperatures were sam-
pled every 2 h and checked duily for deviations. When o failure did occur, the
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Table 1. Manufacturer’s specifications for GM refrigerators tested

Capacity (W)  Input Power

Unit 80K 20K (kW)

Balzers UC-110 100 10 7.0
Balzers (shield cooler) 70 7 4.0
CT1 1020C 40 12 5.0
Leybold

RGDS580-GE/RW4000 65 0.0 5.0
RGD580/RW5000 100 6.3 0.5
Cryomech GBO4 00 7 4.5

compressor was disconnected from the cold head, the system was allowed to warm to
ambient temperature, gas samples were taken from both the cold head and compres-
sor, and the unit was disassembled and inspected for damage and wear.

Temperature tracking consisted of averaging the bi-hourly data to determine the
short-term, daily temperature deviations and plotting weekly averages to determine
long-term temperature stability. It is projected that temperature stability will become
more important in future applications as tighter helium boiloff specifications and
longer maintenance intervals are sought. Planned specifications for future applications
are given in the following section.

Schematic representations for the mechanical and pneumatic drives are shown in
Fig. 5 and 6, respectively. The mechanical drives use a scotch yoke mechanism to pro-
vide a sinusoidal motion to the displacer, and mechanical valves that are timed to the
displacer motion provide the cyclic pressure changes. Poppet valves, driven from the
scotch yoke crank, are used in the first refrigerator tested, and a spool valve, driven by
an end-of-stroke mechanism, is used in the second refrigerator. In the pneumatic re-
frigerator, a rotating disc valve and a stem volume (chamber 1 in Fig. 6) provide a net
driving force to the displacer at precise times in the cycle to produce a square wave
d'splacement. The rotating disc valve in the pneumatic refrigerators also provides the
cyclic pressure changes over the cycle.

FUTURE GE-MRI CRYOREFRIGERATOR REQUIREMENTS

Future GE-MRI systems wiil strive for lower refrigerator temperatures and in-
creased maintenance intervals to reduce operating and service expenses. In addition,
new software for improved image resolution will require significant reductions in
cryorefrigerator vibrations. Some of the more critical specifications that are contem-
plated are
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1. Capacity

2.5 W second stage
40.0 W first stage

2. Temperature Stability

Short term (<24.0-h period): 0.2 K second stage
2.0 K first stage

Long term (> 1-yr period): 0.5 K second stage
5.0 K first stage

3. Noise

The noise from the refrigerator, when installed in the crvostat, shall be less than
60 dBa at a distance of less than 3 m over the frequency range of 0 to 20 kHz.

4. Vibration

A vibration specification has not been established. However, this requirement is
becoming more important because new software packages are improving the
image resolution and refrigerator disturbances are beginning to noticeably im-
pact the image quality.

S. Field Preventive Maintenance

Field preventive maintenance procedures shall not be required more often than
once every 2 yr. Field service shall not require more than one service represen-
tative and shall not require more than a 6-h period.

6. Depot Maintenance

Depot maintenance (for which the part must be removed from the site and
shipped to a central facility) shall be required for the cold head no more fre-
quently than every 4 yr, #nd for the compressor, no more frequently than every
Svr.

TEST RESULTS

The load maps obtained for the six refrigerators tested are shown in Fig. 7. Each
load map represcnts severai weeks of running to ensure that the refrigerator perfor-
mance had stabilized and steady-state operation had been achieved. In addition, in all
cases the maps were repeated several times to ensure the consistency of the data.

Comparing performance based on our test points of 2.5 W on the second stage and "
4¢ "V on the first stage, Table 2 shows that the Balzers UC-110 and Cryomech GB0O4
achieved the lowest temperatures. The performance of the other refrigerators was
similar to the existing Balzers shield cooler; they provide no significant capacity in-
crease for future applications.
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Table 2. Cryorefrigerator test data

Temperature (K)

Unit First Stage  Second Stage
(atd0 W)  (at25W)

Balzers UC-110 45.0 10.5
Balzers (shield cooler) 475 13.0
CTI1 1020C 80.0 25
Leybold

RGDS80-GE/RW4000 48.0 12.5
RGDS580/RWS5000 46.0 115
Crvomech GBO4 345 10.5

Three refrigerators were selected for endurance testing. Two employed mechani-
cally driven -cotch yoke mechanisms and the third employed a pneumatic drive. Each
refrigerator was set up in a simulated MRI environment with the first- and second-
stage temperatures monitored every 2 h. The results of the temperature tracking for
each of these machines are shown in Fig. 8, 9, and 10. The endurance and failures ex-
hibited by these refrigerators were as follows:

1. First Mechanical Drive Refrigerator

A total of 12,360 h was accumulated on the first mechanical drive refrigera-
tor with two failures occurring, The first failure, after 3.5 months of operation,
was characterized by a severe temperature degradation on the first and second
stages, leading to a temperature rise of 8.¢ K and 0.7 K on the first and second
stages, respectively. This degradation was considered sufficiently severe to ter-
minate the test. The refrigerator was allowed to warm up, a gas sample was tak-
en, and the cold head was disassembled and inspected for wear. No evidence of
wear was found; however, the gas sample revealed high levels of N, (>400 ppm)
and CO; (> 50 ppm), which were considered responsible for the temperature
degradations.

The refrigerator was returned to the manufacturer for servicing. Upon re-
ceipt of the repaired unit, endurance testing was continued. This second refri-
gerator test ran for 13.5 months, when the refrigerator again failed because of a
severe rise in first- and second-stage temperatures that exceeded required oper-
ating levels. During this test, the refrigerator ran uninterrupted for 11 months,
but 2.5 months prior to the terimination of the test, it exhibited the strange
behavior of suddenly reaching much lower temperatures on the first and second
stages than had previously been measured. Since no physical parameters had
changed, and no substantiated explanation could be given for the sudden change
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in performarce, it was decided to disconnect the cold head from the compres-
sor, warm it to ambient, and take a gas sample from the cold head. After the
sample was taken, the cold head was pressurized and started. After reaching
temperatures of 10.7 K and 42 K the refrigerator ran fo: au additional 5 weeks
before rapid temperature rises on both the first and second stages caused the
termination of the testing. Disassembly and inspection of the cold head by the
manufacturer again failed to show any evidence of wear or damage to the cold
head, but the gas sample taken prior to the test termination revealed high levels
of CO, (>1000 ppm). The gas sample taken before the start of the 13.5-month
run had shown no gas contamination levels greater than a few parts per million,
and therefore it was concluded that the failure was due to contamination.

Over the 13.5-month testing, the refrigerator exhibited the following short-
and long-term maximum temperature changes:

Short term (<24.0 h): AT (first stage) = 2.0K
AT (second stage) = 0.1K

Long term (li-month period): AT (first stage) = 6.2K
AT (second stage) = 048K

Second Mechanical Drive Refrigerator

The second mechanical refrigerator has been running for 6,480 h and contin-
ues to accumulate hours at this time. Unlike the first mecnanical drive unit,
several failures occurred very early in the testing, which prevented the start of
the endurance testing for nearly 6 months. The failures that occurred after short
operating intervals were

— Rapid temperature rise. After running for 1.3 months, there was a notice-
able loss in capacity and rise in temperatures. A gas sample showed high lev-
els of H,O (>1000 ppm ), and N, (>200 ppm). The refrigerator was re-
turned to the manufacturer for contamination removal.

- Loss of gas pressure. After an additional 1.7 months of operation the unit
lost pressure, forcing a shutdown. Inspection of the compressor revealed a
leak in the heat exchanger between the oil cooling passages and water side of
the heat exchanger. The compressor was repaired by the manufacturer and
returned to GE for further testing.

- Cold head seizure. After running for an additional 2.2 months the cold head
displacer seized, terminating the test. Gas samples taken this time showed
high leveis of CO; (>1000 ppm ), and O, and N, (>200 ppm). The cold
head was returned to the manufacturer, where inspection revealed that the
scotch yoke crank had sheared from the seizure of the displacer. The cold
head was repaired and returned to GE for further testing.
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- Loss of gas pressure. After another month the compressor again developed
a gas leak in the heat exchanger. This time the leak was between the helicm
cooling passages and the water side of the heat exchanger.

In December 1989 the repaired refrigerator was received from the manufac-
turer and endurance testing begun. The unit has been running continuously since
then. The temperature tracking for this refrigerctor is shown in Fig. 9. The tem-
perature stability exhibited to date by this refrigerator has been

Short term: AT (first stage) = 1.0K

AT (second stage) = 020K
Long term: AT (first stage) = 1.5K
AT (second stage) = 0.21 K

Pneumatic Drive Refrigerator

Endurance testing on the pneumatic refrigerator was started in February
1990, and with the exception of short periods when it was warmed to take a gas
sample, the refrigerator has been running continuously for the past 6 months. To
date, the refrigerator has accumulated 4,416 h of operating time with no failures.

The temperature tracking for this refrigerator is shown in Fig. 10. The tem-
perature tracking on this refrigerator is being conducted with no thermal loads
on either the first or second stages. Availability of power supplies Iimited the
continuous operation under load. However, periodic measureme.its with 25 W
on the first stage and 2 W on the second stage have shown a temperature history
similar to the no-load tracking shown in Fig. 10.

The temperature tracking has shown that after initially achieving 2 no-load
temperature of 26.2 K on the first stage and 7.82 K on the second stage, the re-
frigerator has experienced a warming of the second stage and cooling of the first
stage and appears to be settling at temperatures of 25.5 K and 8.2 K. To evalu-
ate this instability, the refrigerator was turned off after 1000 h of operation, then
allowed to warm up to ambient, and a gas sample was taken from the cold head.
After taking the gas sample, the cold head was recharged with helium and the
cndurance testing continued. The results of the gas sumple were that a large
amount of N> (> 1000 ppm) and lesser amounts of CO and CH,4 (>50 ppm) had
accumnulated in the cold head after only 1000 h of operation. Based on this initial
instability, the temperature changes over the past 6 months have been

Short term: AT (first stage) = 0.1 K
AT (second stage) = 0.04 K
Longterm: AT (first stage) = 0.7K
AT (second stage) = 048K
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With 25 W on the first stage and 2 W on the second stage, the resulting temper-
ature changes over the 6-month period have been

AT (first stage) = -0.€6K
AT (second stage) +05K

CONCLUSIONS

Based or: projected future GE-MRI applications, the following conclusions regard-
ing cryogenic refrigeration requrements were drawn:

1. Greater first- and second- stage capacities will be required. Performance equal
to or better than the best performing refrigerators in Table 2 will be sought.

)

Contamination was the major cause of failure in our endurance testing. Table 3
summarizes these failures and shows that the slow accumulation of contam-
inants, such as CO,, N, and hydrocarbons, limits long-term operation.

Table 3. Summary of contamination failures

Run Time Concentrations

Refrigerator Failure Mode
¢ (h) (ppm)
First mechanical Temperature degradation 2,664 N, >400
drive over 3-month period CO,; >50
Rapid temperature rise 9,696 CO; > 1000
Second mechanical  Rapid temperature rise 951 H,0>1000
drive N, >200
Cold head seizure 1,610 CO; >1000
N, >200
Pneumatic drive Temperature rise 1,000) N, >1000
CQO, =50

CH, >50

16




4 K GM/JT CRYOCOOLER FOR CRYOGENIU SENSORS

Yoon-Myung Kang®, Tadasht Ogura, Satoru Ulosaka, Katsumi Sakitani
Shuichi Sochi, Shuji Fupmoto®, Ken-ichi Sata®, Naoki Fukui®
DAIKIN INDUSTRIES, LT 1304 Kanaokacho, Sika, Osaka 591, JAPAN
*drom November 1990) 3 Mivukigaoka, Tsukuba, Tharaki 305, JAPAN

ABSTRACT

4 K Gittord MeMahon/odle Thonison civovoolers have beendeveloped tor coohing sei-
sors, ¢ teantbiared detecions SIS recesvers tor radio dastonomy and SQUID magicionse-
ters The ervocooier can be operated tor TOOM0 hours wathout service. The outline of e
covler contigunation wid appiication problems tor cooling sensors wre showi i this paper.
Vibration cliasacrerstos are mwasuied by the Liser Doppler vibrometer. Temparauie homo
coniciy of thie 4 K ostage s ostmated by FEM analyvsis of themmal conducton. Biomagnetic
measurerients with a SQUID syrremy, cooled by the GMI T crovocooler, we also presented.

INTRODUCTION

DAIKIN INDUSTRIES, L'TD. has been developing a variety of 4 K Gittord-MeMahon
(OMD crvocoolers with a Joule-Thomson (J7T) cycle 1o provide reliable commercial coolers
forindustrial and Taboratony appiications 1] c.g., recondensing heliame in the MRU (Magnetic
Resonance Taging) envostat, cooling farantrined detectors sind SIS (Superconductor Insula-
tor Superconductony recenvers tor radio asttonomy.

When cooling sensors i the vacuum crnvostat with a closed evele coyovooler (without 1y
tid Belam, micchamical and clecuomagactic nose, iemperatire Huctaion and temperatane-
inhomogencity i the cooling stage should be at an acceptable Tosw Tevell The SQUID (Supei-
condacting QUantum Interteranee Device)  magnetometer s one of the most sensitnve sen-
sors for those perturbations. Zimmerman ¢t al 2] developed low-power Stirling ovele
cryocoolers for cryvoclectronie devices, particalarly SQUID magnetometers and magnetic
aradiometers Bechanan et ol [3] developed @ nevromagnctoneter with o GMUJFT crvocooler,
and succeeded momagnene measureraents of auditory evoked fields from the brain. DATKIN
succeeded i the development on i rehable 4 KGN eryocooler [4]0 a Tow vibration ¢y
ostat tor optical measurements [S], and biomagnetic measurements with a SQUID-based
magnetie gradiometer cooled by the GNATT ervocooler 16] This paper reviews oun related

works on the GMIT ernvocooler for ervogenic sensors.
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COOLER CONFIGURATION

The flow diagram of the GM/JT cryocooler is shown in figure 1. The JT cucuit 1s sepa-
rated from the GM circuit, therefore, it is easy to clean the JT circuit and there is no possibil-
ity of contamination while GM expander being serviced. The prototype attained 20,000
hours of operation without JT service and even after that test, contaminants were not detected
in the cryostat sectior of the JT circuit (1]. Undl today, Several tens of units have been
operated in the field without a JT blockage problem. The basic model of the compressor and
refrigerator unit is shown in figure 2 and its specifications are summarized in table 1.

Table 1. Specifications of the basic inodel

50 Hz 60 Hz
Refrigeration capacity 30W JISW
Power Dissipation S.1 kW 6.4 kW
Maintenance Interval 10000 hrs
Size: Cryostat ¢ 300 X740H mm
Compressor Unit 750W X 530D X 1000H mm

Weight: Cryostat 55 kg

Compressor Unit 230 kg

Because the GM expander used here has a pneumatic driven mechanism [7], the valve
motor can be separated from the cryostat [8]. This is advantageous for SQUID magnetometer
applications.

The new fin tube is used in the JT heat exchanger, which has a fin cut in pitch to almost
half of the fin height (figure 3). As shown in figure 4, the heat transfer ratio (Colburn'’s j
factor) between fin and helium gas is about 40 to 60 % better than in the usual Collins type (9]
which has a straight fin. Figure 5 shows the friction factor of the low pressure path of the heat
exchanger. Although the fricton factor scems to be rather large, only causes a pressure drop
less than one third of the total JT flow resistance in the cryostat.

VIBRATION CHARACTERISTICS

Vibration characteristics at the 4 K cooling stage were measured by a laser Doppler
vibrometer and the results are shown in figure 6. The upper graph shows the displacement
amplitude of the basic model with twenty or thirty microns of vibration at 2 Hz (displacer
reciprocating frequency). The middle graph shows data for the low vibration cryostat in
which the cooling stage is vibration-isolated from the cxpander cold station. This is done by
using coiled tube for the JT line and ngid supports mounted on a vacuum chamber as shown
n figure 7. The cryostat weighs 135 kg. The vibration amplitude was reduced to ¢.1 micron
r.m.s. at 2 Hz. The lower gruph shows the background level when the expander 1s stopped
(valve motor off). At the lower frequency, the vibration amplitude is almost the same as in the
middle graph.
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TEMPERATURE HOMOGENEITY IN THE COOLING STAGE

In the optical cryostat, the radiative heat flux enters directly into the 4 K stage as shown in
figure 7. In this case, temperature homogeneity in the cooling stage was estimated by the
FEM (Finite Element Method) analysis of thermal conduction. The mode! dimensions are
shown in figure 8. Oxygen free copper was used both for the 4 K staton and the cooling stage
and its thermal conductivity was measured at 13.5 W/cmK. The thermal resistance between
the 4K stadon and the cooling stage was 2.0 cm? K/W, which was determined by another
experiment. Boundary conditions were as follows; lower edge ternperature of the 4 K station
was 4.2 K, heat input through the 4 optical windows was 1.5 W, the remaining surface was
adiabatic, symmetry conditions were utilized to reduce computations. Calculated results are
shown in figure 9. The temperature differences in the cooling stage are within 20 mK.
Temperature fluctuations might be within the same level.

BIOMAGNETIC MEASUREMENTS WITH A SQUID SYSTEM

By utilizing the above results, a SQUID system for biomagnetic measurements was con-
structed and magnetocardiograms {MCG) were taken. The system consists of a second order
magnetic gradiometer, the DC-SQUID [10] developed at the Electrotechnical Laboratory, a
flux locked loop (FLL) controller and the GM/JT cryocooler. The diameter of the gradiometcr
is 24 mm and its base line is 40 mm. The system was insialled in a RF shicld room and the
valve motor of the GM expander was set outside of the RF shield. Figure 10 shows the MCG
taken when the valve motor is off and figure 11 shows it when the valve motor on. Graphs on
the left side shows the real time signals with a 60 Hz notch and a 100 Hz low pass filters,
graphs on the right show averaged data in both figures. Vibration noise is obviously found
when the valve motor is on. The main frequency of the noise is about 20 Hz which is the
resonance frequency of the 4 K stage supporting system. This noise can be eliminated by
digital filtering and a new system with a modified support is now in constiucuon.

CONCLUSIONS

The GM/JT cryocooler was found to be as reliable as the GM cryocooler, i.e., the mainte-
nance interval of the cryocooler is 10,000 hours, which is determined by the usual expander
service. For applications to cryogenic sensors, the vibration amplitude of the cooling stage
can be reduced to a submicron level, and temperature inhomogencity can be within a few tens
of mK in the cryostat with several optical windows. Magnetocardiograms can be taken by the
SQUID system without liquid helium.,

The authors are glad to acknowledge the kind discussions and technical guidance in bio-
magnetic measurements by Drs. H. Kado, N. Kasai and S. Kiryu. They would also like to
thank Mrs. K. Nishiguchi and T. Ueda for their technical support in SQUID electronics.
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CHARACTERIZATION OF MINIATURE
STIRLING-CYCLE CRYOCOOLERS FOR SPACE APPLICATION

R.G. Ross, Jr., D.L. Johnson, R.S. Sugimura

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

ABSTRACT

The growing demand for long-life infrared and submillimeter imaging instru-
ments for space observational applications, together with the emergence of the
multi-year-life Oxford University Stirling-cycle cooler, has led to a rapidiy expand-
ing near-term commitment to second-generation Stirling-cycle cryocoolers based on
the Oxford heritage. The precision space-science instruments in need of these
coolers have especially demanding requirements in the areas of lifetime and relia-
bility, where many require continuous vperation over S to 10-year timeframes with
reliabilities of 0.95 to 0.99, and in the area of allowable generated vibration and
EMI. To support the success of these near-term applications, the Jet Propulsion
Laboratory (JPL) has initiated an extensive cooler characterization test and analvsis
program. This activity is focused at developing special sensitive performance
measurement techniques for quantification of vibration, EMI, and thermal perform-
ance, and to developing carefully instrumented accelerated reliability screening tests
to uncover long-time-constant degradation mechanisms.

In January of 1990, JPL took delivery of one of the first Oxford-heritage Stir-
ling-cycle coolers manufactured by British Aerospace, and begar the characteriza-
tion activity with an initial emphasis on thermal and vibration pertormance. This
paper describes the research resuits to date including the design and construction of
JPL’s special 6-degree-of-freedom force dynamometer, and special instrumentation
used to measure the force spectra and reliability attributes of emerging first- and
second-generation space Stirling-cycle cryocoolers.

INTRODUCTION

In recent yeurs a growing number of space-instrument developers have proposed
using long wavelength infrared and submillimeter imaging detectors to perform
systematic mapping of earth and astrophysical subjects. The demand for low back-
ground noise requires that these detectors, and often portions of the electronics and
optical subsystems, be cooled te ervogenic temperatures in the range of 60 to 150K.




The expense of these instruments -- often over $100M -- together with science
objectives of continuously monitoring subject changes over multi-year time spans,
demands cryogenic cooling systems with lives of 5 to 10 vears with reliabilities
greater than 0.95. The emerging line of second-generation miniature Stirling-
cycle cryocoolers, which are building on the successful Oxford University ISAMS
cooler'?, are ideally suited to these applications. However, to satisfy the demand-
ing application requirements, these emerging Stirling cryocoolers must successtully
address not only the critical reliability requirement, but also a broad array of
complex interface requirements that critically affect successfui integration to the
sensitive instrument detectors. Low vibration and EMI, and improved cooling
performance at lower temperatures (55 to 60K) are particularly important para-
meters. Many of the space instruments baselining the use of these second-gener-
ation coolers are associated with NASA’s Earth Observing System (Eos) space
platforms and require that the advanced coclers be developed, qualified, and
delivered between now and the mid 1990’s.

Because the time available for design, fabrication and qualification is signifi-
cantly less than the required operational life, the design and qualification process
must rely on a thorough and accurate technical understanding of the cooler’s

performance-determining parameters and on sophisticated testing techniques and
facilities. Examples include:

1) Accurate standardized thermal performance measurement techniques.
2) Sophisticated vibration/EMI characterization facilities and techniques.

3) Special non-destructive accelerated reliability screening tests for early
diagnosis of life limiting failure mechanisms and eventual flight hardware v
acceptance testing. This task is made particularly difficult by the strong '
sensitivity of Stirling-coolers to manufacturing parameters such as conta-
mination, machining and assembly tolerances, and dimensional stability.

4) Carefully instrumented long-duration life tests to discover, quantify and
allow successful early resolution of long-time-constant failure and degrada-
tion mechanisms.

In January of 1990, JPL took delivery of one of the first Long-life 80K Stirling
cryocoolers manufactured by British Aerospace (BAe)?, and began an extensive
characterization activity designed to learn from and build upon the Oxford-heritage
in a program to assist industry in meeting the demands of NASA’s near-term space-
science instruments. Research results to date are described in the areas of thermal
performance characterization, vibration characterization, and reliunility character-
ization.

THERMAL PERFORMANCE CHARACTERIZATION

Because of the demands of long-wavelength (up to 15sm) HgCdTe infrared
detectors, important NASA Eos instruments are requiring greater than 1 watt of




cooling at temperatures as low as 55K. This level of cooling places increased
emphasis on accurately understanding cooler thermal performance at the lowest
achievable temperatures, and on accurately estimating and minimizing the heat
load that the cryocooler must accommodate. This heat load includes both active
power dissipation, from detectors for example, and the sum of all parasitic loads
-- both corduction down wires and supports, and radiation from surrounds.

Because the cryocooler cold finger becomes an integral part of the instrument
cryo-assembly, it is important that it be designed to minimize parasitic heat loads.
Conduction down the cold finger is especially critical if redundant coolers are to be
used without heat switches. Minimizing radiation transfer to the cold tip requires
the incorporation of low-emittance surfaces and radiation shields into the cold fing-
er and its interface design.

Because parasitic loads are systematically included into the design of the instru-
ment cryo-assembly, it is important that accurate estimates of cooler-generated
parrsitics be available, and that cooler performance be measured and quoted for
carefully defined boundary conditions. JPL’s preference is that cooler performance
be defined in terms of total external refrigeration load -- where external includes
external parasitic loads encountered in the performance measurement setup such as
radiation and instrumentation wiring; loads internal to the cryocooler, such as
conduction down the cold finger, are not counted as refrigeration load.

Initial characterization of the thermal performance of JPL’s BAe 80K Stirling
cooler has highlighted the strong sensitivity of the measurements to thermal bound-
ary conditions and instrumentation parasitics. Figure 1 illustrates the significant
performance increase achieved at the lowest temperatures by carefully incorpor-
ating low-conductivity (Constantan) instrumentation wiring to the cold finger and
thermal shields to minimize radiation parasitics transferred to the cold finger from
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Fig. 2. Thermal and power performance of the BAe 80K cooler over
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its surroundings. The enhancement represents over a doubling in performance at
60K -- and more accurately reflects the true cooling performance of the cooler.

Another factor complicating the comparison of competing cooler designs is the
strong dependency (shown in Fig. 2) between cooler input power and operating
temperature for a fixed cornpressor piston stroke. Although cooler input power is
the appropriate universal parameter for comparing competing coolers of different
designs, the physical limitations imposed by control of piston stroke greatly comph-
cate taking data using input power as an independent parameter. Note that for a
fixed compressor stroke, the input power of this cooler drops from 31 watts to 19
watts as the maximum cold-end load increases from 0 watts at 50K to 2 watts at
160K. This reduced power required at higher temperatures can be an important
consideration for some instrument designs.

VIBRATION CHARACTERIZATION

In addition te a cooler’s thermal performance, cooler-generated vibration is
another particularly important parameter for precision imaging instruments; it thus
has been targeted as a key area for improvement in the emerging second-genera-
tion space Stirling cryvocoolers.

In characterizing cooler-generated vibration it is useful to speak in terms of the
peak vibratory force imparted by the cooler into its supports when rigidly mounted.
This force is the reaction force to moving masses within the cooler that undergo
peak accelerations during various phases of the cooler’s operational cycle. The
accelerations can be from controlled motion such as the reciprocating motion of
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the Stirling compressor piston and displacer, or natural vibratory resonances of the
cooler’s elastic structural clen

Problems occur when the vibrating interface forces excite elastic deflections and
resonances within the instrument structure and components that either adversely
affect optical alignment, or generate spurious electrical signals. The latter are
generated when electrical current-carrying or capacitively-coupled components
undergo relative motions. Although no formally agreed upon requirements exist
for acceptable vibratory force levels, a value on the order of 0.2 N (0.05 Ibs) has
gained acceptance as a reasonable design goal.

To help quantify and undersiand the force levels generated by present cooler
designs, JPL has developed the 6-degree-of-freedom force dvnamometer shown in
Figure 3. This dynamometer has a frequency range from 10 to SC0 Te and a foree
sensitivity from 0.005 N (0.001 1b) to 445 N (100 Ibs) full scale *. During vperation
the forces and moments generated about cach of the cooler’s axes are avadable
simultaneously for real time quantitative analysis.

Research to date has centered on characterizing and understanding the vii.: -
tion attributes of first-generation Stirling coolers of the Oxford type in support of
achieving significant reductions in second-generation units. The overall test setup is
shown in Figure 4.

Figure 5 illustrates the typical time-dependent vibration force yenerated by a
single uncompensated BAe 80K Stirling compressor in each of three principal uxes.
Note that although the largest force is in the piston stroke direction (longitudinal
direction), as expected, considerable force also exists in the lateral direction, nor-
mal to the piston axis, and as @ moment about the piston axis. The lateral force s
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Fig. 4. Vibration characterization of back-to-back BAc 80K coolers on JTL's foree dynamonueter.

particularly important because it cannot be canceled by running two coolers back-
to-back. Note also the high level of high frequency harmonics present in the gener-
ated forces. This high level of upper harmonics is particularly evident in the
spectral analysis shown in Fig. 6 and has important implications relative to exciting
possible cooler and instrument resonances far removed from the cooler’s funda-
mental 40-Hz drive frequency.
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Fig. 0. Influcnce of clectronie drive distortion on the vibration force spectrum
of a single BAc 80K compressor.

During the course of the research it became evident that the harmonic purity
and closed-loop control implementation within the compressor drive electronics
plays an important role in the genera.don of upper harinonics. As a result, a very
low distortion amplifier and high purity function generator were substituted for the
conventiona! closed loop compressor drive clecironics. The significant improve-
ment achieved with the low distortion open-loop drive is illustrated in Fig. 6. Even
greater reductions were achieved in the lateral direction.

With the help of a second cooler from BAe/TRW, a variciy of tests have been
conducted with two coolers back-to-back to access the levels of vibration cancella-
tion achievable, and the sensitivity of the nulling to various operational parameters.
In general, it was found that open-loop back-to-back nulling of the 40-Hz funda-
mental is relatively easy to achieve with the visibility provided by the force dynamo-
meter; however, when this 15 done, the 80-Hz harmonic is nulled to a lesser extent,
and hittle if any cancellation oceurs in the upper harmonics (120 Hz and up). The
poor cancellation of the upper harmonics makes the net vibration of a back-to-back
COMPressor pair quite sensitive to the harmonic purity of the drive electronics as
shown in Figs. 7, 8 and 9.

With high purity electronics (Fig. 9), significant (100X) reductions in vibration
were achievable with back-to-back coolers. Lowering the levels further required
simultancous nulling at multiple frequencies using injected harmonics phase-locked
to the 40-1z drive oscillator. ‘This complex open-loop nulling, shown 1n Fig. 10,
resulted in most harmonics near or below the (G.2-N (0.05 1b) goal.

Tests of the vibration force of the displacers revealed vibration spectra similar
in harmonic content to those generated by the cornpressors, but with lower levels,
as expected. Because the level of vibration cancellation achievable with back-to-
back displacers was less dramatic than with the compressors, the residual forces
were comparable. An overview of the forces for both compressors and displacers s
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and low-distortion drive elcctronics with 40, 120 and 160 Hz nulling.

is presented in Table 1. Note that the harmonic purity of the compressor drive
electronics had a modest {2x) effect on the net vibration of back-to-back displacers.

Although the overall level of nulling of both compressors and displacers was
found to be 1elalively insensitive to many parameters, such as the radial alignment
of the back-to-back units (up to 1.5 mm)®, most operating parameters such as
piston stroke and operating temperature had significant effects. This implies that
some sort of active closed-loop nuliing will be required for flight coolers.

Table 1. Summary of RMS Vibration Forces and Moments for BAe Cooler

Longitudinal Lateral Moment about
Configuration Force Force Piston axis

lbs. (N) lbs. (N) in-lbs. (N-cm)
Single Compressor, Conventional Elect. 9.60 (43) 1.00 (4.5) 1.20 (135)
Dual Compressors, Low-distortion Elect. 0.09 (0.4) 0.12 (0.5) 0.20 (2.26)
Single Displacer, Conventional Elect. 0.40 (1.8) 0.80 (3.6) 0.20 (2.20)
Dual Displacers, Conventional Elect. 0.18 (0.8) 0.05 (0.2) 0.03 (0.39)

Dual Disp., Conv. Elect. w/Low-disi. Comp. 0.09 (1.4) 0.0 (0.4) 0.03 (11.34)

RELIABILITY CHARACTERIZATION

Although good efficiency and low-vibration are necessary conditions for success-
ful space application, lifetime and reliability are probably the issues currently most
responsible for limiting the use of Stirling cryocoolers in space. There is sharp
contrast between the demonstrated reliability to date with Stirling coolers in space
and the requirement for 5 to 10-year life with 0.95 reliability.
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The historical lack of reliability in mechanical coolers stems directly from their
extreme sensitivity to both gaseous and particulate contamination. Any gaseous
contaminant such as water vapor or hydrocarbon gases is gettered to the cold end
of the cooler where it condenses or fre=zes and inhibits the refrigerator function.
This places rigorous constraints on the purity of iniual refrigerant gases, on the
degassing of internal cooler suriaces, on the use of any potential cutgassing mater-
ials such as poiymers, and on any degradation mechamsms that could lead to the
generation of contaminant gases.

Directly tied to the problem of contamination is the problem of wear, because
the lubricity or wear toierance of most surfaces is strongly tied to the presence of
lubricants and surface plasticizers -- most of which outgas contaminant gases. The
result has been an unwritten rule that a long-life cryocooler must avoid rubbing
surfaces. The flexure bearings and piston cleararnce seals incorporated into the
Oxford Stirling-cooler design are examples of the application of this rule.

Unfortunately, in trade for the exclusion of rubbing surfaces, linear Stirling
coolers of the Oxford type must contend with a strong sensitivity to manufacturing
and assembly precision and to cooler dimensional stability. Both this assembly
sensitivity as well as the sensitivity to contamination and leakage raise the possi-
bility of modest unit-to-unit variability in life and reliability.

A second challenge, closely reiated to the challenge of achieving high-reliabiiity, i
long-life refrigerators, is measuring their life. This is particularly difficult because '
there are no accepted means to accelerate the degradation mechanisms in a quanti-
tative way, and no obvious means of measuring a cooler’s re..ability other than
running it until failure occurs. This stresses the importance of developing means
for qualifying coolers for space application, and for running acceptance tests on
each flight unit. Dealing with expected unit-to-unit variability will require diligent
manufacturing controls to be developed in addition to the specialized qualification
tests and screening techniques for flight units.

2 Al T T T AJ A T s
*
£
& 1} /1 Hz )
« o} r W
2
o 0.001 Hz
£ 4! 0.5 Hz
= ° B
[+ 4
[=]

_2 i A r d A L

4 3 2 -1 0 1 2 3 4

PISTON DISPLACEMENT, mm

Fig. 11. Characterization and verification of piston clearance using ultra-low-frequency drive.
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Fig. 12. Possible deleterious high-frequency resonance excited by
low-lcvel noisc in cooler drive clectronics.

In support of these needs, one set of reliability investigations at JPL has cen-
tered on developing non-destructive screening tests for piston and displacer clear-
ance. One trial technique, iliustrated in Fig. 11, involves driving the cooler at
extremely low frequencies (0.001 to 1 Hz) and plotting the required drive current
-- which is proportional to drive force -- versus piston displacement. At these low
frequencies, gas pressure is extremely sensitive to piston clearance, and rubbing is
immediately apparent as stiction or discontinuity in the current-displacement plot.
As opposed to the standard "pluck test", which uses piston resonant decay to assess
clearance during construction, this test is useful under a wide variety of post-build
environmental conditions.

A second, related reliability issue is the possibility of dynamic piston contact
during operation; such contact could be caused by radial oscillation of the piston
excited through cross-coupling with one or more of the upper harmonics of the
40-Hz drive frequency. Unfortunately the degree of cross-coupling and the ampli-
fication level can be quite sensitive to the details of the cooler’s structural mount.
Figure 12 illustrates a high-level self-induced resonance in a test cooler as seen on
the force dynamometer. Such resonances could scverely impact the reliability of
the cooler during operation and need to be attenuated to the maximum extent
possible.

SUMMARY

Meceting the performance goals of near-term space-science instruments places
demanding requirements on long-life space Stirling-cycle coolers. The most
stringent of the requirements i1s I-watt coonling at 55K with minimum levels of
cooler-generated vibration and EMI; this must be achieved continuously over a 5 to
10-year timeframe with a reliability greater than 0.95. These requirements surpass
the demonstrated performance of existing Stirling-cycle coolers such as the ISAM's
Oxtord cooler, and require that advanced second-generation coolers be developed
and qualified by the mid 1990's.
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An important element of the development of these advanced coolers is identi-
fying and understanding the detailed user interface requirements of the intended
applications and building on the strengths and limitations of the evoiving cooler
technologics. Active collaborative characterization and testing by the user com-
munity is an important step in this process.

This first phase of testing at JPL has highlighted the need for standardized
thermal measurement techniques, particularly with respect to controlling parasitic
heat loads on the cold finger, and has illuminated a number of issues relative to
achieving acceptably low levels of cooler generated vibration. Although just begin-
ning, reliability testing, including the development of special non-destructive
accelerated reliability screening tests, is an important focus and critically needed to
allow the early diagnosis and resolution of potential life-limiting failure mechan-
isms. This area of activity is expected to be a major JPL focus in the future.
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THE USE OF CRYOCOOLER FOR COMPUTER COOLING
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ABSTRACT

This paper dicusses the requirements for developing a cryocooler for computer
cooling. For computer cooling applications, the cryocooler must perform more than
the basic cooling function in order to meet the needs of today's computer market.
There are more than 20 different factors that should be examined when the cry-
ocooler is being considered, since it has a significant impact on the overall system
characteristics such as: (1) physical size, (2) reliability, (3) energy, (4) cost, (6) acous-
tic noise, (6) vibration, (7) customer service, (8) safety, and (9) EMI/RFI. This paper
provides discussions on some of these issues.

1. OVERVIEW

This paper discusses the general requirements (and challenges) that arise when
utilizing cryocoolers for the cooling of modern computers. 1t reviews four very criti-
cal issues concerning the cryocooler: reliebility, maintainability, acoustic noise, and
vibration. It also emphasizes the importance of adequate specification, performance
monitoring, and reliability qualification as the three key technical elements for the
improvement of the cryocooler’s continuous operability. Continuous operability is one
of the key challenges encountered when utilizing the cryvocooler for computer cooling.
The definition of "failure” for the cryocooler is discussed with examples to demon-
strate the need to establish Limits on performance degradation. The failure modes of
some cryocoolers are identified. The performance degradation characteristics of cry-
ocoolers used in computer cooling are reviewed. The technology and methods used
to monitor and correlate degradation and impending failures are discussed.

1.1 NEEDS

Recent CMOS advances have significant impact on the design of workstations.
The scaling and packaging improvement of basic CMOS devices, including the merg-
ing of integer and floating-point capabilities onto a single chip, will centinue to drive




the performance of computers in the 1990’s. The concept of cryogenically chilied
CMOS is not new; the widely accepted performance gain that can result from the
application of cryogenic chilling, can benefit a wide range of commercial and tech-
nical applications. With proper process desigr using today’s technology, the CMOS
devices are also expected to be so reliable at cryogenic temperatures that it will not
be factor in the overall system reliability calculation. In addition, the use of refrig-
eration for computer cooling also provides the opportunity to integrate the computer
cooling system with the building heating/cooling system, which increases the total
system availability, and reduces the total energy consumption and building system
cost associated with computer cooling. !

In recent years, the development of low-temperature refrigerators have been
spurred by the need for reliable cryocoolers for use with special sensors and for su-
perconducting devices and syatems. This need has provided thL.2 impetus for the
development of new cryocoolers and the continued refinement of various components
associated with the device. Some of the these refrigerator develcpinents and compo-
nent improvements are highlighted in references 2 and 3. As ccr.cluded in reference
2, considerable strides have been made, but more have to be accomplished before the
desirable reliability is achieved. Since some of the requirements for cryocoolers in
computer application are even more demanding when compared with thoee applica-
tions discussed in reference 2, there is a far more critical need for the development
of reliable and cost effective cryocoolers for computer cooling applications.

1.2 IMPACTS

The purpose of the cryocooler is to service its intended end function. For computer
cooling, the intended end function is "chilling". However, the cryocooler must provide
more than just perform the basic equipment chilling function in order to meet the
needs of today’'s market. There are more than 20 different factors that should be
examined when the cryccooler is being considered. 4 As i most engineering design,
the optimum solution will result from a series of trade-offs. Any single factor may
alter the choice of the cryocooler. When the cryocooler is used for computer cooling, it
i8 a key element in the computer system, and has a significant impact on the overali
system characteristics.

Examples:

Physical - Cryococler may occupy e significant portion of the system volume. The space
required for the cryocooler may be more than that required for the power system
and may exceed 50% of the system volume.

Reliuility - Cryocooler will be one of the key rellability elements of the enure system and may
even be the dominant reliabllity element.

Energy - Cryocooler will have significant impact on tho energy usage of the computer
systems.

Cost - Cryocooler may axceed 10% of the system hardware cost.

Acoustics - Cryocooler may be the key source of acoustic noise.
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Vibration - Cryocooler may be the key source of self-induced vibration which will have great
impact on the integrity of system interconnections.

Cusiomer Service - Cryocooler may contribute substantially to the Service cost for maintaining com-
puter systems in the field.

Safety - Cryocooler safety issues and agency approval may be the gating item on meeting
time-to-market of some computer systems.

EMUVRFI - Cryocooler will be one of the sources generating conducted and radiated noise.

2. RELIABILITY

For computers, reliability is the main thruat in designing for performance. This
section addresses several critical reliability related issues auch as degradation and
specification format. 456.6

2.1 DEGRADATION

Excessive performance degradations have been exhibited by some cryocoolers
in computer cooling applications. 7 In order to specify the failure rate (or life)
of a cryocooler, the first item that must be defined is the term "FAILURE". For a
cryocooler, failure has to be defined as the degradation condition when it fails to meet
the minimum or exceeds the maximum limits of the specification. For example, the
cryocooler shall be considered a "FAILURE", when:

* its power consumption is increased by U%, which will have an impact on the
power supply,

* iis eelf induced vibration is increased by V%, which will have an impact on
the integrity of system interconnections (electric, hydraulic, pneumatic, and
mechanical),

* its acoustic noise level is increased by W%, which will violate the product
label value on noise.

Thus, for a cryocooler, the definition of "FAILURE" cannot be "T'OTALLY DEAD". The
true useful life of a cryocooler is determined by the amount of degradations that can
be tolerated before the system ceases to properly perform its function. This useful life
has to be based on the quantitative effects of wear and on the limit set for performance
degradation. The extent of the change in performance due to degradation {(such as U,
V, and W) cannot be generalized, since they all depend on the margins of the system
design (such as redundancy) and safety factors which are built into the cryocooler
specification.

To ensure system integrity and system quality, the useful life of a cryocooler
18 based on the maximum sllowable degradation in its performance requirements as
establiched in the specification for the cryocooler. Table 1 lists some of the parameters
that will impact the performance of the cryocooler.
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Table 1: Examples of Degradation in Performance.

increase in acoustic noise

reduction in flow rate (or speed, etc.)

increase in EMI

reduction in energy output

increase in EMP

change of start up torque

increase in the requirement of start up voltage or current
increase in RFI

© e NSO A D

increass in electric ncise

10. increase in power consumption
1. increase in self induced vibration
12. leakage (air, water, electric, etc.)
13. change of temperature

14, change of pressure

Table 2 lists some of the common parts/causes contributing to one or more failure
modes identified in Table 1.

Table 2: Some Common Parts/Causes for Cryocooler Fallures.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
(see Tatle 1 for description)

electronic parts X
control

X

bearing X
bellow
motor

»x x X X

X
X X X
X
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lubricant
fastener
adhesive
vibration isolator
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contamination

acoustical material
valve

coupling

washer

housing

process
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(such as outgassing)




The extent of the change in performance degradations cannot be generalized, since
they are dependent on svstem desien redundancy and built-in safety factors. Table
3 lists examples of values that may be considered for the maximum allowable degradation
of performance criteria.

Table 3: Maximum Ailowable Degradation In Performance Over Product Life Time.

Performance Maximum Dsgradation
1. increase in acoustic noise 2dB
2. reduction in flow rate (or speed, etc.) 15 %
3. reduction in energy output 15 %
4. change in start up torque 20 %
5. increase in start up voltage or current 15 %
6. increase in power consumption 1€ %
7. increase in self induced vibration 5 dB

2.2 CRYOCOOLER RELIABILITY

1-10 (the time during which 90% of the population can be expected to survive, 10%
having failed) can be used to specify cryocooler life. The term "Reiiability” denotes
the probability that a specimen from a product population will continue in service at
some specified time. The concept is frequently expressed in terms of "MTBF", that is
the average service time accumulated by the product between successive failures of a
member. It is the reciprocal of "feilure rate”, which is the number of failures per unit
of operating time. The exact significance of this measure for the broader concept of
reliability is dependent on the way ir which failures in the population are distributed
over time. That distribution also provides the relationship between reliability and
life. Unlike ICs which tend to have a decreasing failure distributions, cryocoolers
with BLDC motors can have components with every type of failure.

*  increasing,
* constant,

* decreasing.

Thus, cryocoolers do not have constant rate of failure. For most cryocoolers with BLDC mo-
tors, their life characteristics are represented by Weibull functions. There are indications that
formany cryocoolers, some components (such as the motor electronics or bellows, for exam-
ple) might dominate failure mode for the short period (early in life), and mechanical failures
would dominate after the products are in service for along period of time. Table 4 represents
an adequate format for descnibing or for specifying the life of cryocoolers. Only hypothetical
MTFB values are used in Table 4 to demonstrate the concept of the “format™.




Table 4: Rellabllity Specitication Format.
"Hypothetical™ Steady State MTBF, in hrs

ist Year 2nd Year 3rd Year 4th Year 5th year
MTBF
at40 C ses note 1200K 150K 850K 450K
ambient

Note: During the first year, motor electronics’ or other component's infancy is the dominate failure factor.

3. MONITORING

Predictive maintenance programs based on the periodic monitoring of critical
system parameters are well known and their success is well documented. It sup-
plies the periodic data that is necessa y for the preventi~n of catastrophic failures,
and also permits optimal scheduling of preventive maintenance. For monitoring the
performance of cryocoolers, analyses of the degradation trends provide the ullimate
prediction of an impending failure. This prediction process can be summarized as
follows:

* monitor or detect degradatior (level, in time or frequency domain),
¢ identify/differentiate degraded components,

e predict the remaining life by extrapolating the degradation trends to project
when unacceptable performance level will be reached and therefore deter-
mine when the machine must be serviced.

3.1 AVAILABILITY

For the computer cooling function, the availability of certain machinery is so
critical to production and profitability that it is not sufficient to only have monthly
or even weekly monitoring. In such instances, it is essential to maintain continuous,
on-line monitering. Furthermore, for computer cooling, it will not be economically
practical to implement frequent standard maintenance practices (which are common
to other industries - such as warming up the refrigerator at least once a ‘veek for
decontamination of the vacuum cold trap) to reduce degradation. The following tech-
niques are examples used in the control and monitoring of computers, in which the
intended goal is to attain higher availability: 89

* component redundancy,
¢ preventive maintenance,

* predictive maintenance system.
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References 8 and 9 both describe examples of control and monitoring systems for
computers cooled with chilled water. The cooling systems include a spare pump and
chiller. Each of which operates automatically if any of the regular pumps or the
chiller fails. In these computers, module temperature, freon gas temperature, water
flow rate, water leakage, quantity of water and water temperature are monitored and
switches to the standby units if a serious malfunction occurs in the chiller or pumps.
The cooling system has two failure levels - the first level is the warning level and it
implies a non-fatal failure, that is failures of components with redundant parts, so
the cooling system can continue to operate. The second failure level is the shutdown
level, which requires the cooling system to stop immediately. These information on
the failure levels are all displayed on the maintenance panel and reported to the
Bervice processor.

3.2 DATA BASE

The prediction of machinery life is generally handled by establishing limits based
on previous experience. For predictive maintenan.~ systems, a good data base for
decigion making i8 as important (if not more) as the hardware for data collection and
signal processing (both in time and frequency domain). An example of the importance
of good data base is given by reference 10, which describes the technical base for
an EKG Multiphase Information System (EMPI) with a qualitative diagnostic rate
of 85 to 90% and a differential diagnostic rate of 70 to 90% (that can differentiate
8 common heart diseases). Two key reasons contribute to the success of EMPI over
the conventional EKG heart machine - one reason being its capability to utilize the
power spectrum, phase shift, coherence function, impulse response, cross correlation
and amplitude histogram to analyze the EKG wave forms, and the other reason
is that it has an enormous clinical data base (collected over the past 10 years) to
generate reliable indicators.

Although a cryocooler is not as complicated as the human heart, a good data
base is also a prerequisite for any successful cryocooler monitoring system. Failures
of cryocoolers are often very difficult to generalize. The time taken for a cryocooler te
progress from fault initiation to catastrophic failure varies greatly with the type of
cryocoolers, the type of applications, etc. Some cryocoolers degrade slowly over time
while others may seem to fail quickly without any advance warning. To minimize
the cost of cryocooler failures and to maximize the avaiiability of critical equipment,
a good data base is essential for the identification of faults and degradations in a
cryocooler.

4. ACOUSTIC NOISE AND VIBRATION

For computer cooling, the cryocooler will be the major source of acoustic noise and
self-induced vibration. Recent developments in semiconductors and superconductors
have opened up the potential for extensive application of cryocooiers in the computer
industry. However, as in other applicatione, the inherent vibration and the acoustic
noise associated with some cryocoolers may preclude their use for computer cooling.!!




' For certain types of cryoccolers, the acoustic noise emitted by these devices may
be the limitation to their potential cooling applications. 1? This section reviews the
acoustical requirements and the acoustic measurement methodology for cryocoolers
used in computer cooling in general.
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Since the cryoc: ~ler will often be the key source of acoustic noise, the EEC-
directive 89/392 of 14 June 1989 on the approximation of the laws of Member States
relating to machinery (so-called "machinery safety directive”) 18 only the minimum
requirement for cryocoolers that will be sold in the huge EC 92 market. In addition
to all the regulatory requirements, it has been increasingly evident that the acous-
tical quelity of computers has become a very important element of decision making
which the consumer applies when purchasing equipment. Cryocoolers will have to
be designed for more stringent requirements as established by the various computer
companies in order to meet their special inarket needs. The task of lowering the noise
generated by cryocoolers 18 assuming increasing importance, for both commercial and
regulatory needs. References 13 and 14 provide some insights on the directions and
trends.

42 MEASUREMENT

The measurement of cryocooler acoustic noise requires extremely careful control of
a multiple of variables (including the cryocooler operating conditions and test eystem
configuration) in order to obtain useful results. During the past decade, the trade as-
sociations representing the U.S. and the European computer industries have reached
an agreement on the measurement methods {or their products. These measurement methods
have been standardized nationally and intemationally. Whenever possible, acoustical mea-
surements should be integrated into the cryocooler general performance measurement pro-
cedures in order to produce the most useful data. American Natioral Standard Institute stan-
dard S12.10 (Method for Measurement and Designation of No:se Emined by Computer and
Business Equipment) has been integrated into several refrigerator performance measure-
ment and ratng standards. Examples are ANSI/ASHRAE 127P for Air Conditioner, and
ANSI/ASHRAE 128P for Spot Cocler. Reference 15 provides a summary of many useful
acoustical standards.

5. SPECIFICATION AND QUALIFICATION

The importance of an adequate specification and qualification plan cannot be
over-emphasized for ciyceoolers that will be used in mass produced products for the
consumer market. It is the link between:

* performance requirements,
* procurement for life cycle total cost,

* acceptance test (proto-type, nre-production. production, etc.),
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e vendor process control and ongoing quality conformance,

e etc.

The structures of a complete specification and a detailed qualification plan are
very comprehensive and are beyond the scope of this paper. However, this paper will
address four general topics: general specification, process requirement (which will

be an integral part of the specification requirement), performance qualification and
process qualification.

5.1 GENFRAL SPECIFICATION

Specifications of cryocoolers shall include both "performance” requirements and
"process” requirements as follows:

1 mechanical requirements such as:
* matenial and finish,

¢ cable and connector,

* fans,
* geal,
*  bellow,

* Dbearing,
*  O-ring,
¢ filter,
* refrigerator,
* hesat exchanger,
* motor,
¢ «ibration isolaticn,
* configuration and dimension.
il elzctrical requirements such as:
* voltage range,
* power requirement,
* motor characteristics,
*  motlor protection,
* transient liue voltage protection,
* electro magnetic compatability,
* low voltage start up and start up current,

* current ripple,

* control.




iii  performance requirements such as:
* thermodynamics,

¢ life and reliability (wear out, steady state MTBF for motor electronics, shelf,
etc.),

* acoustic noise,
¢ gelf-induced vibration,
* quality,
* maintainability.
iv  enviromental requirements such as:
* temperature,
*  humidity,
* sghock and vibration,
¢ altitude.
v safety requirements such as:
* agency approval,
* material certification,
* regulatory requirements (OSHA, EFA, etc.).
vi manufacturing requirements such as:
* material and construction,
* process and capability,

* gpecial test and examination.

8.2 PROCESS REQUIREMENT

For the cryocooler, the goal is to incorporate product consistency requirements
in the purchase specifications. This implies that "target value", "real engineering
tolerance” and "process capability index ( Cpk)" are integral parts of the purchase
specification. The requirements imply process control centering around the target
value and continued improvement since Cpk (as defined in equation 1) shall grow over
time (see Table 6). The target value is an "optimal” or "ideal” value and specification
limits indicate "acceptable” tolerance. A capaltle process, maintained in a state of
statistical process control, will deliver on-target performance.

2« smaller|(USL - X),(X - LSL);

60

Cpk =
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where,

X = mean of distribution,

USIL = upper specification limit,
LSL = lower specification limit,
o = standard deviation.

Table 5: Cpk Growth.

Time in Procduct Life Cpk Required
Minimum Requirement For Qualificaiion 1.00 or better
Initial Production 1.33 or better
Steady-state, Volume Production 1.50 or befter
Mature Process 2.0C or better

For normal distribution, the relationship between Cpk values and the % defective
is given in Table 6.

Table 6: (pi and Defects.

Cpk Values % Defective
1.00 0.27%

1.33 0.0064%
1.50 0.00068%
2.00 Hardly Any

5.3 PERFORMANCE QUALIFICATION

One important task of any cryocooler development program is to develop test
plaus and methodology to provide meaningful assurance that performance targets of
c1vocoolers will be met. The structure of a proper qualification plan is comprehensive
and should be a subject in itself. It is beyond the scope of this paper. This paper
will only discuss the flow chart for performance qualification and the procedures of
process qualification.

For performance qualification, the greatest emphasis should be placed on
the cryocooler’s parts test/analysis in the early design stages (conception, proto-type
and pre-production). Figure 1 shows the minimum requirement for performance
qualification with degradation considerations incorporated.
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2,

OTE :
PASS = meet specitication requirement,
<- = flow before reliability test,
<<~ = flow after reliability test,

before (and after) reliability test, the ordering (with the exception of environmen-
tal test) in the flow chart is arbitrary and it is often decided by the availability
and schedule of the laboratories for qualification test,

5. for the reliability demonstration, MIL STD 781C is used to establish the sample
size and test time required for the qualification.
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Before the part is qualified, the vendor processes’ capability to consistently
manufacture parts that meet the purchase specification, have to be demonstrated
and quelified. This is to assure that the parts are capable of problem-free instal-
lations while minimizing inventory, in-house staging, testing and trouble shooting,
along with minimizing field assembly, test and repair. In order to be qualified, the
cryocooler manufacturer has to provide manufacturing plans for review and approval.
As minimum requirements, the manufacturing plans shall include:

a. Manufacturing process flow documentation,

b. Material acquisition and control which include,
* Purchsasirz plans,

* Receiving,

* Incoming Inspection,

®* Material storage,

*  Supplier management,

*  Material certification,

Process design/capability study,

Process control and audit,

0

® a

In-process non-conforming material control,

-

Test equipment, diagnostic plans, calibration and preventive maintenance,

g. Product qualification, feedback, failure analysis, ECO and documentation con-
trol.

6. CONCLUSION

The objective of this article is to provide the cryocooler industry with some
requirements for developing cryocoolers for computer cooling. Specific issues on reli-
ability, performance monitoring and acoustic ncise were discussed. The importance
of the specification and qualification plan was emphasized.
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PERFORMANCE OF A PROTOTYPE, 5 YEAR LIFETIME,
STIRLING CYCLE
REFRIGERATOR FOR SPACE APPLICATIONS

C. Keung, P.J. Patt, M. Starr, and R. McFarlane
Philips Laboratories, North American Philips Corporation,
345 Scarborough Road, Briarcliff Manor, New York 10566

Abstract

A second-generation, linear, Stirling-cycle refrigerator for space applications, with cool-
ing capacity of 5 Watts at 65°K, was rccently completed. The refrigerator, designed for
3-5 year life, uses closed loop controlled moving magnet linear motors for the compres-
sor and expander. The moving elements are contactless, being supported by active mag-
netic bearings with clearance seal of 20 microns. Fiber-opiic sensors detect the radial
position of the shafts and provide a contol signal for the magnetic bearings. The fre-
quency, phase, stroke and offset of the compressor and expander are controlled by sig-
nals from the high bandwidth LVDTs. The vibration generated by compressor and ex-
pander is cancelled by an active counterbalance which also uses a moving magnet linear
motor and magnetic bearings. The driving signal for the counterbalance is derived from
the compressor and expander LVDTs which have wide bandwidtn for suppression of
harmonic vibrations. The efficiency of the three acdve members is enhanced by a mag-
netic spring in the expander and gas springs in the compressor and counterbzlance. The
magnetic bearing stiffness was significantly increased from the first generation refrigera-
tor to accommodate shuttle launch vibrations.

1. INTRODUCTION
1.1 BACKGROUND

In 1982, Philips Laboratories completed the design and fabrication of a laboratory-
grade, Stirling-cycle refrigerator (cooler) for NASA to prove the feasibility of long-life,
frictionless operation producing 5 Watts of cooling at 65K in a 20°C ambient. The
refrigerator, called the Engineering Model, extended the relatively short maintenance-
free life of mechanical refrigeration systems by essentially eliminating wear. This was
accomplished by electromagnetically suspending the moving parts of the refrigerator,
thereby eliminating contact and the associated wear, and permitting the use of clearance
seals rather than contact seals. There were no lubricants and no outgassing matenals in
the working volume of the refrigerator, thus no degradation in cooling performance due
to contamination of the working fluid. The Engincering Model also improved flexibility
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of operation by using direct electronically controlled linear drives for the moving ele-
ments, thereby allowing adjustment of amplitude and frequency. A life test of the Engi-
neering Model was completed in 1989. The system operated for 5 years with no refrig-
erator failure and no change in performance over 500 start/stop cycles, and the electro-
magnetic suspension (magnetic bearings) operated successfully for 7 years. Feasibility
and life were thus demonstrated.

1.2 FLIGHT PROTOTYPE

In this paper we describe the performance of a flight-worthy prototype cooler designed
and constructed to provide 5 Watts of cooling at 65K and, in addition, to withstand
launch and operate in a zero G environment. The design of the prototype cooler has
been described in earlier papers [1,2). However. some changes in the drive electronics
have subsequently been made. Most notably. “synchronous” switching amplifiers have been
replaced with commercial, highly efficient (90%) wide bandwidth switching amplifiers.

In Section 2 of this paper we will briefly described the overall system design and design
requirements. In Section 3, a summary of bearing analysis and performance will be
presented. In Section 4, the basic thermodynamic design specifications and performance
measurements are provided. Finally, in Section 5, the mechanical vibration and dis-
placement measuremnents are given.

2. SYSTEM DESIGN AND DESIGN REQUIREMENTS

2.1 SYSTEM DESIGN REQUIREMENTS

The Prototype Model is similar in design concept to the Engineering Model. Linear
moving-magnet motors drive a compressor and an expander, suspended by frictionless
magnetic bearings. However, much of the design and the components are different in
order that the system meet the requirements of launch survival and long unattended life.

The system is designed for remnte as well as local operation, using a two-command
sequence. In the standby mode the active elements are suspended but motionless. In
the operate mode, the active elements are reciprocated and cold is produced. The major
design requirements were:

¢ Cooling Capacity 5 Watts @ 65K initially with a 20°C rejection tcmperature,
and 5K dcgradation over system lifetime.

* Life 3 years minimum, 5 year goal with 1,000 on/off cycles
*  Ambicenl Temperature 20+ 15°C
* Launch Load 3gatdc, 54 gat 7 Hz

* Cold End Stability Less than lO'5 inch latcral motion, less than 10'3 inch axial mot.on
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*  Power Consumption 250 Waus operating, 50 Waus standby

«  Weight 200 lbs, excluding electronic module.

In addition, the refrigerator must reach stable operation in less than 5 hours after start-
up, and the short-term temperature change of the cold end under stable operating condi-
tions must be within 0.1K over a 24 hour period. The system must also be operable in
any orientation in an Earth environment, in zero G, and on any type of spacecraft with-
out deterioration of performance.
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Figure 2-1. Philips/NASA Stirling Refrigerator.

22 DESIGN CONFIGURATION

The refrigerator is comprised of a compressor, a single stage expander, and a counter-
balance (Figure 2-1). The expander section contains the displacer with a built-in regen-
erator and the cold and warm side heat exchangers. The compressor contains the com-
pressor piston and piston linear motor. The counterbalance contains the countermass,
which is part of the motor armature, and the two gas springs designed to resonate the
countermass at the refrigerator reciprocating frequency. All the gas seals are clearance
type provided by the magnetic bearing constructior. The piston (compressor) and the
countermass are reciprocated with a moving magnetic linear motor (no flexing leads).
The displacer is reciprocated with an integrated magnetic spring/motor {3]. A photo-
graph of the completed cooler is given in Figure 2-2.
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3. BEARING ANALYSIS

Significant improvements in bearing system performance were needed to meet launch
requirements. The control system methodology was based on a classical single-input-
single-output approach. Significant improvements in beanng stiffness were achieved
primarily through the use of an optical sensor that was flush with the intenal bore thus
providing high position sensitivity, higher gas damping, and stiffer housings and shafts.

The general design of the linear magneac bearing actuator is identical tc the more
popular, conventional active radial magnetic bearing. There are, however, two areas of
notable difference. First, significant development was needed to hermetically seal the
bearings into the cooler housing. For the Prototype Cooler, this requirement led to the
use of "solid" beanngs and precluded the use of laminated actuator structures. This
resulted in bearings that have eddy currents well within the bearing control loop. As a
result, a careful understanding of the frequency dependent behavior of the bearings is
essential to a proper modeling and design of the beanng system.

The other significant difference in the behavior of linear magnetic bearings comes from
mechanical system considerations. Because these bearings are also used as clearance
seals, there is a very narrow gap between the housing and the shafts. Gas damping
plays a significant role in shaft dynamics and hence magnetic bearing performance. The
gas damping provided by the clearance : eals plays a larger role than mass (inertia) in
shaft dynamics in the launch and operating frequencies. This is the most important
difference between these magnetic bearings and those readily available for conventional
rotating systems.

A classical free-body analysis of the bearing system was performed. "Squeeze film" gas
damping relationship given by Hays 4] for the finite bearing case (D/L > 0.1) were
used to predict gas damping forces. Hays’ data for the case of one-half of a journal
bearing were extended to full journal bearing. Results will be presented for two values
of gas damping that should bound the analysis. Simple half-pole eddy current relation-
ships were used to model the frequency dependence of the bearings.

An expenmenta! model was specially fabricated to broudboard the control eiectronics
and test the fiber optic sensors and bearings. The molel was designed to emulate the
displacer in the prototype cooler.

Even though the test displacer was operated in air, the gas damping is nearly exactly the
same as in the cooler. The shaft dynamics, however, were different. Also, the optical
sensors had better signal-to-noise ratio in the test displacer. Thus, the high frequency
behavior of the test shaft was not identical to that of the cooler. As such, a somewhat
different compensation circuit was used that could not be used in the cooler - primarily
because of very low gain and phase margins. Nevertheless, the system on the test bench
was stable and produced a very high stiffness bearing. The pure lag compensator em-
ployed in the test fixture, while providing superb low frequency stiffness, added no
phase lead at high frequencies. This resulted in only a marginally stable system, and
thus could not be used in the cooler.
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Figure 3-1. Measured and predicted behavior of the open-loop transfer
function (OLTF) of displacer bearing in the cooler for two different values of
the gas damping factor, B.

Figures 3-1 and 3-2 compares the predicted total effective stiffness and the measured
stiffness data. As can be seen, the agreement is quite good. Note in particular the pocr
"high frequency" stiffness of the loop. This is because the compensator is "rolling off”
along with the mass dynamics. Thus, high frequency (40 Hz) disturbances are not really
rejected by the bearing control loop and nearly all the stffness at these high frequencies
comes from the gas damping and inertial terms.

An analysis of the piston and displacer bearings indicated that there was most likely a
node, a frequency at which the stiffness was a minimum, at about 50-60 Hz (Figure
3-3). We could not alter the low-frequency stiffness charactenistics very much because
of the launch requirements and we were limited at high frequencies by eddy currents
and system dynamics.

Criginally, a synchronous driver (2) was planned for the displacer and piston motors.
However, for the available voltage, duty cycle, and motor characteristics, a current spec-
trum resulted in which the third and fifth harmonics were nearly 15 dB higher than the
fundamental operating frequency. Also, we found that the relative magnitude of these
harmonics would change with varying duty cycle as the system cooled down.

Thus, the synchronous driver was replaced with a commercially available, conventional
high efficiency wide bandwidth dnve (> 90%). The resultant piston motor current spec-
trum at full design condiuons is given in Figure 3-4. The reducton in high {requency
currents were significant and we were able to bring the system to full desired design
conditions with acceptable shaft displacements.
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Figure 3-2. Comparison between measured and predicted behavior of displacer stiffness
in bearing test fixture. (Gas damping valuec B = 4000 Ns/m).
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Figure 3-3. Effective displacer bearing stiffness as a function of frequency for
two values of damping coefficient, B.

Table 3-1 sumimarizes the bearing characteristics at DC and at the 7 Hz (mount) launch
frequency. The bearings are indeed stiff enough to meet the launch requirements. The
data was based on measurements on the open-loop-transfer function as a function of

frequency. This was done because we had not facilities to shake the entire cooler and
measure displacements.

Table 3-1. Measured Open-Loop Transfer Function at
at Specific Frequencies and Calculated Bearing Stiffness.

Measured dc Measured 7 Hz Required
OLTF Ke (N/u) OLTF Ke(N/u) Kreq (N/u)*
(dB) (dB)
Displacer (Rear) 47 20 39 9 8
Piston (Rear) 50 110 34 60 20
Counterbalance 37 25-50 24

(* Based on a 50% radial displacement and a & G load applied at 7 Hz.)
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RADIAL MOTION

Radial displacements of the shafts can be monitored at the buffered outputs of each of
the bearing circuits. The radial bearing circuits are calibrated for a £ 5 volt deviation
coitesponding to the mechanical limits of travel (in all cases: * 19 micron clearance seal
annular gap), yielding an approximate resolution of 4 microns per volt.

Scope photographs of all 12 bearing displacements at the design operating point are
included in Figure 3-5. It is interesting to note that the peak bearing excursions vary
during cooldown, as the changes in gas temperature and thermodynamic loading affect
the harmonic current content of the motor drive currents. Orce the system has attained
resonance at the operating point, the radial errors are reduced and stable.

4. THERMODYNAMIC DESIGN SPECIFICATION AND PERFORMANCE

The Philips Stirling Computer Program was used to design the refrigerator for minimum
input power. The computer results included physical. dimensions of the expansion and
compression spaces, operating parameters such as charge pressure and speed, and regen-
erator size and material. Practicai considerations of weight, reliability, and complexity
of fabrication werc then applicd to periurb the theoreiically optimized design. Thirough-
out the design process, practical consideration and themodynamic performance were it-
erated to achieve the optimal, physically-realizable refrigerator. The thermodynamic pa-
rameters are summarized in Table 4-1.

The cold production and therinodynamic input power were also calculated by the Philips
Stirling Computer Pioduction. The analysis is included: the effects of regenerator
losses, flow losses, heat leakage through the regenerator matrix and walls, impertect
heat transfer between the gas and the heat exchanger wall, annulus losses, losses due to
shuttle heat transfer and seal leakage. All these effects are considered in characteriza-
tion of the thermodynamic parameters. The result of the optimization is a design in
which the sum of these losses is minimized.

TABLE 4-1. Summary of Thermedynamic and Dynamic Design Parameters.

No. of expansion stages ]

Working gas helium

Displacer diameter 3.155 cm

Piston diameter 4.445 cm

Max. displacer amplitude 033 cm

Max. piston amplitude 0.9 cm
Regenerator

Type wire mesh

Matenal phosphor bronze

Wire diamelter 53 um
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Fill factor 0.36 5

Cross-sectional area 7.31 cm

Length 6.0 cm
Cold-end Heat Exchanger:

Type slit

No. of slits 40

Slit width 0.0305 cm

Slit depth 0.2cm

Slit length 20cm
Ambient Heat Exchanger:

Type slit

No. of slits 20

Shit width 007 cm

Sht depth 022 cm

Slit length 7.0 cm

Clearance Seals

TOTAL SYSTEM WEIGHT

19 pm (0.00075 in) gap

185 Ibs.

(Excluding vacuum dewar and cooling jacket plus clectronics.)

The total input power is the sum of the thermodynamic input power to the Stirling cycle
and the electromechanical inefficiency of the motors. Based on thermodynamic analy-
ses, confirmed by measurement on refrigerators fabricated in the past, 2 small adjust-
ment of the optimized operating parameters does not significantly affect the Stirling
efficiency, but would seriously compromise the motor efficiency. The refrigerator con-
sists of three damped oscillatory spring-mass systems actuated by linear motors. The
conditions for minimum power input operation Of these systems are a first-order func-
tion of the refrigerator operating parameters such as cycle speed, spring stiffness, and
mean pressure. Of these three systems, the piston input power is about 80% of the total
input power; thus, it is important that the piston be operated under minimum power
conditions.

After the Prototype Model was assembled, one could optimize the Stirling performarce
by hunting for the minimum thermodynamic input power by perturbing the operating
parameters while maintaining 65K and a 5 watt load. The operaung conditions were
optimized to achieve the minimum power operation of the piston; this resulted in better
than predicted efficiency.

Minimum power operation of the piston was accomplished by first setting the refrigera-
tor to run under the design parameters until it reached 65K. Then, the phasc between
the first harmonics of the piston motor current and the piston position waveform was
measured. Adjustments to the cycle speed and raean pressure were made to obtain a 90°
phase. This ensured the piston was operating under the minimum power condition. The
piston and displacer strokes were subsequently adjusted to obtain S watts of cooling. To
minimize excessive heat load above 5 watts due to ambient radiation heating of the cold
end, two radiation shields were installed inside the vacuum dewar. The shields were
made from multilavers of insulated mylar sheeis with highly reflective metallization
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coatings. The outer shield lined the inside walls of the vacuum dewar and the inner
shield surrounded the cold end.

Table 4-2 shows the design operating parameters and fina! optimized values. The close
agreement between the two sets of values validates the accuracy of the engineering
analyses in this program. Also shown are the operating parameters of the refrigerator
under a reduced head load of 2 watts at 65K.

TABLE 4-2. Refrigerator Design and Optimized Operating Parameters.

Design Optimized
(predicted)  (measured) 2 Watts

Cold End Temperature K 65 65 65

Heat Sink Temperature K 293 293 293

Cooling Capacity A\ S 5 2

Speed Hz 18.3 18.0 18.0

Mean Pressure psia 263 290 290

Displacer Amplitude mm 23 26 2.6

Piston Amplitude mm 7.3 6.67 5.2 .
Phase (disp!./piston) degrees 60 63.5 63.5 '
Motor Input, Piston w 136 125 85

Motor Input, Displacer W 3 1.6 1.5

Motor Input, Counterbalance W 10 11.5 9

4.2 ELECTRICAL POWER

The total electrical power input requirements of the cooler in both the STANDBY and
RUN modes oi operation were assessed; the power requirements of the support electron-
ics were measured as well.

Axial motor power was uctermined by simultaneously acquiring (in one acquisition) the
real-ime voltage and current waveformis with the digital scope. A software routine
scaied and multiplied the stored waveform data (VI). The mean value (over 1 cycle) of
the resulting power waveform was then summed into a cumuiative average power read-
ing.

The STANDBY power for the bearing pole piece actuators (in a lg environment) was
estimated using a nominal bias current of 100 mA per coil, with dissipation for each coil
based on resistance losses. The RUN power estimate for the pole piece actuators was
based on the difference of the measured 28V power input to the bearing driver circuits
when the system was running. This assumes that the current drivers are 100% efficient
and hence is a corservative estimatc. Cooler instrumentation requires an insignificant
amount of power.
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The power input requirements of each of the electronic subsystems were measured in
both the STANDBY and RUN modes. They are presented in Tables 4-3 and 4-4. No

attempt was made to minimize the electronic power supply requirements.

TABLE 4-3. Electrical Power - System in STANDBY MODE.

Breakdown of dc Power Requirements:

dc Subsystem

Bearing Rack

LVDT & Instrumentation
Computer Rack

Axial Drivers (3)

Piston Driver

Displacer Driver
C'balance Dniver

Power Delivered to Cooler:

Radial Sensors
Displacer Radial
Piston Rad:al
C’balance Radial
Displacer Axial
Piston Axial
C’balance Axial

Total Power Delivered

Power (W)

47.2
13.0
13.5
1.05
22

TABLE 44. Electrical Power - System in RUN MODE.

Breakdown of dc Power Requirements:

dc Subsystem

Bearing Rack

LVDT & Instrumentation
Computer Rack

Axial Drivers (3)

Piston Dniver

Displacer Driver
C’balance Dniver

Power (W)

57.8
21.75
19.3
1.35
151.2
3.92
249
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Toual 2803 W
e Power Delivered to Cooler:

All bearings 10.8
Radial Sensors 11.5
Displacer Axial 1.6
Piston Axial 25.0
C’balance Axial 115
Total Power Delivered 1604 W

43 COOLDOWN CHARACTERISTICS

The remote control computer was used to iog the cold end temperature at one minute
intervals during cooldown from room temperature. Two tests were performed, using the
design stroke and an increased stroke (Fig. 4-1). No heat load was applied at the cold
finger. These cooldown curves may be utlized as a beachmark to gauge any deteriora-
tion in cooler performance. With the design operating strokes, the refrigerator reached
65K in 30 minutes.

4.4 ADDITIONAL TESTING

Cooling performance at various heat loads was investigated. For these tests, the heater
power was varied while all other parameters remained unchanged. Final temperature
and cooler input power was measured once steady operation was established (Fig. 4-2).
Note that this test was performed without the inner radiation shield around the cold end,
thus reflects performance with the additional radiation heat load above the heater power.

5. VIBRATION MEASUREMENTS

Axial accelerations of the cooler housing were measured at the ends of the housing, and
radial accelerations were measured at three points along the length of the housing with
the accelerometer. Power spectra of this data are shown in Figures 5-1 1o 5-3.

Axial and radial displacement measurements were made at the extreme edges of the cold
finger insulating dewar, where we would expect to find worst-case excursions. To mini-
mize extraneous vibrations, the instrument was securely anchored to the same rigid sur-
face as was the mounting cradle of the cooler. Photographs of the displacement wave-
forins appear 1n the performance data. A power spectrum of the axial displacement is
included for correlation with the axial acceleration data. The results are shown in Fig-
ures 5-1 to 5-3.
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¢) Cold end radial displacement.
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d) Radial acceleration spectrum.
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Figure 5-1. Displacement and acceleration at cold end.
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6. FUTURE WORK

The Prototype Model retnigerator is a free piston and free displacer Stirling machine
with the flexibility in varying the operating parameters built into the control electronics.
Parameters such as frequency, amplitude and relative phase angle of the piston and
displacer motions can be changed while the cooler is running. With these features,
detail parametric testing of the performance of the Prototype Model can be easily carried
out. Further parametric testings will be performed at NASA-Goddard Space Flight Cen-
ter. The long-life cryocooler technology developed under this program has been truns-
ferred to the Cryogenic Products group at Magnavox Electro-Optical Systems, a corpe-
rate affiliate. Recent development (5] programs include multi-stage lincar magnetic
cryocoolers for cooling of electronics such as high-temperature superconductors and
central processing units of high-speed computers.

7. SUMMARY
Technology developed for a long-life cryocooler has been demonstrated. A magneti-
cally suspended, linearly driven Stirling refrigerator was successfully tested for 5-vear

continuous operation with no mechanical wear and failures and no degradation in cool-
ing performance.

The system performance results of the Proiotype Model refrigerator mei or exceeded the
specified goals of the program. Table 7-1 summarizes the major specifications and the
actual performance of the Prototype Model refrigerator.

TABLE 7-1. Prototype Model Refrigerator.
Specified Goal and Actual Performance.

Cold end temperature - 5 Watt load 65K 65K
Operating Powzr (Rcfrigerator only) <250 W 160 W
Standby Power (Refrigerator only) <50W 16 W
Time to Reach Stable Operation < S5 _hours <30 mirlsnes
Kadial Movement of cold end (Operating) - Inches 107 1.4 x 107 p-p
Axial Movement of cold end (Operating) - Inches 107 13x 107 p-p
Weight (Refrigerator only) 200 1b 185 1b
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ABSTRACT

We performed a system design analysis of pulse tube cryocoolers. The
analysis basically followed Colangelos’ approach!! but considered the pressure
drop across the regencrator. In addition, taminar o1 turbulent heat transfer in
the pulse tube was considered. A syste:n analysis was then carried oul to predict
the performunce of pulse tube refrigerators. It was unnecessary for us to
determing the pressure-time wave forn in the pulse tube experimentally.’’ 1t was
tound that the pertormance ot a pulse-tube cryocooler depends on six opeiating,
parameters: churging pressure P, dischiarging pressure P, charging gas
lcimperature 'l':,, heat sink temperature 7, , cold-end temperature 7, , and pulsc
rate /. The analytical result was found to agree fairly well witih the test dota,
verifying tne analysis and also indicating that the convective heat transfer
between the gay and the tube wall or regencrator matrix during flowing periods
may be i controlling mechanism in the performance of basic pulsc-tube (BP)
refrigerators, A system analysis also showed that at higher cold-end
tetperatures, the performance of BPT redrigerators does not significantly diffci
for vanous desipns of repencretors and pulse tubes.

INJRODUCT'ON

The system modehng, and performance analysis of 4 valved puise tube
rednpcratar or hasic pulse tube retnperator (BP1) has been studied by several
rescatchers, Gifford and Fongsaonth! fust introduced a simple pas-piston model
to perfonm o tharmodynanic analysis by asssating an isenve opic prosess in the
podsc tubc, They showed that the deal or mmmmum cold end wempaoature
achnevable o BT rednpaator at an absolute zero hiear pumping coendition s
atteared by the vatie of the volumes of pulse tube 1o pas hear exclianger,

l/,, AV, cand the ratio of pas speatic heats yo A st thenmody e anadysis weany:
anednple stop asentropic process coneept was catried out by Nuarayanhhedbn
aed NManc 7 They pointed oun that performance is *lso attecied by the presoure
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Insiead of assuming an isentropic process, Rauh? assumed a polytropic
process in the BPT refrigerator and carried out a similar thermodynamic
analysis. Shnide* further employed thermodynamic analysis in conjunction with
the solutions obtained from a system of gas dynamic differential equations to
predict the cold-end temperature achievable at zero heat pumping condition. The
previous thermodynamic analysis! =4 will yield large errors because the
regencrator performance was assumed to be perfect and the actual process in
BPT refrigerators is neither isentropic nor polyiropic.

From a heat transfer viewpoint, the transient performance of a BPT
refrigerator can be determined by solving a set of governing equations based on
conservations of mass, momentum, and energy for the regenerator and pulse
tube. However, the solution procedures arc so complicated that a numerical
technique could be a probleni. A mainframe or super computer may be required
in the analysis. A detailed heat transfer model that is capable of predicuing
instantaneous performance of a BPT refrigerator is thus not presently available.

Storch and Radetaugh® developed an enthalpy flow analysis using time-
averaged properties over one cycle for valveless orifice pulse tube refrigerators.
A valveless orifice pulse tube (OPT) refrigerator is quite different from a valved
pulsc tube refrigerator without recciver (BPT) not only in design but also in
working principle.® For OPT refrigerators, the refrigeration effect is produced
mainly by the adiabatic expansion of gas in the pulse tube due to flow through
the orifice, in additior o the surface heat pumping effect, which is the
controlling mechanism in the performance of BPT refrigerators. The enthalpy
flow model developed by Storch and Radebaugh®: is not only subject to large
error (3 to 5 times greater than experimental vaiuest) in the performance
prediction of OPT refrigerators, but is also not applicable to the analysis of
BPT refrigerators due to different working principles.

Longsworth? assumed that conductive heat transler between gas and pulse-
tube wall during the quiescent periods is the controlling mechanism, and he
derived an clement-by-clement gas heat conduction model to analyze the hea
pumping cffcer and predict the wall temperature. The disagreement between
experitents and analysis may have resulted from Longsworth's ipnoting
convective hicat transfer between the gas the the pulse-tube wall ¢ -epencritor
matrix during Howing periods and assuming @ perfect repencrator.,

Morc 1ecently, Richardson®™” modii. apswonth's analysis” for BPl

relrigerators by conside g the maamivi value of the pas chan g period, and
he reachied the preatction of an optimum pulse tate, which was vaificd
ualitatively by experiments. Tlowever, this study was mostly experimentad md
no systan modeling or performance analysis was done,

T tact, the convective heat transter rate berween the pas and the tobe wail
o repencrator matny s several orders bipher than the conduction heat bansicl




in gas. Therefore, unless the quiescent period is much longer than the flowing
period, the convective heat transfer rate may in turn be a controlling process in
the performance of BPT refrigerators.

Rea'? and Colangelo ef al.!t developed a simplified heat transfer mode! for
the performance analysis of BPT refrigerators. Their model basically assumed
that the convective heat transfer between the gas and the pulse-tube wall or
regenerator matrix during flowing periods is a controlling mechanism. Their
analysis started with the derivation of mass and energy equations of the gas and
the puise tiibe wall or regenerator matrix. Since the numerical solutions of the
governing equations are quite complicated, Colangelo er al.!! divided the pulse
tube process into charging (pressurization) and discharging (depressurization)
periods and then defined half-cycle mean properties of each period. By
neglecting the pressure drop across the regenerator and assuming a sawtooth
pressure-time wave form, the governing equations were then simplified a great
deal and became solvable by using numerical techniques. Through half-cycle
averaging, a system of ordinary differential equations finally resulted and the
numerical analysis could be carried out. Rea and Colangelo er al. showed that
the analytical result agrees very well with the experimental data.

The analytical model of BPT 1efrigerators developed by Colangelo er al.*!
takes into accouni the heat and mass iransfer processes in the regencraivl and
the pulse tube and, thus, is closer to the practical situation. However, the
pressure drop due to gas flow through the regenerator was ignored in the
modecling. This implies that the modeling was incomplete due to the lack o1 a
momentum equation. It is a fact that the pressure-time wave form remains
unknown in Colangelos er al. model.!! And, the system of equations can be
solved only after this pressure wave form has been determined experimentally,
The analysis is thus semi-cmyirical and cannot be used to predict the
performance of BPy refrigerators theorctically.

Our study basically follows Colangelos® approach but considers the pressure
drop due to gas flow through the regenerator. A system analysis procedurce is
then established, and the system performance is theoretically predicted.
Furthermore, the crupirical corrclation of convective heat transfer in the pulse
tubc, whizh covers laminar and turbulent flow regions, is used in our study,

SYSTEM MODELING
BASIC ASSUMPPTIONS

In our model of BPT refniperators (Lig. 1), Rea' and Colangelos er ai’s"!
asstnption: are followed, suchi as -1 approximation, ipnoting of pressure
varation within the pulse tube, cquilibrium temperature between matna and
fluid in ihe repencrator, cte. Additional assumptions other than those o1 Rea
and Colanpclos o ol "0 e made as follows:
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1. Pressure drop due to gas flow through the regenerator is considered.
Empirical correlations are used to account for the relation between mass flow
rate and pressure drop.

2. The pressure-time curve is of a trapezoidal form with |dP /dt|=r  (constani)
at the pulse tube side and of a square wave form at the valve side. (Sce
Fig. 2.)

3. The flow in the pulse tube can be laminar or turbulent depending on the
operating conditions.

4. The convective heat transfer coefficient in the pulse tube is constant.
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Fig. 1. Schematic of pulse tube refrigerator. L
bi(t) Ik

charging discharqge
I~ period == perlod =

By =
(a) valve side .
L3} e e .
‘L o /g -
[0} 1,2 1
PU('\
P —
h
/// N {(h) pulse-tube zide
e
/ \ /
! / S /
. v —md 4. al ‘/'é
0 Yy 172 1

Fiap. 2. Pressure waves across the repenerator. (a) valve side, (b) pulse tube side,
} !

KO




REGENERATOR

Following the approach of Rea and Colangelos et al.,!! and ignoring gas
conduction heat transfer during quiescent periods, the governing equations of
regenerator for matrix temperature 8 and gas mass flowrate m are, in
dimensionless form,

do C'R—i(r-l)/)']m"_" .,
dw - m2—n (<)

where 8= T/T; m=m/my; w=(Vpr, /Ty R)x/Lp);

y-1 (KATLR) Cm

Y VR

Cy = ; Cig = AT, - T,,)]g = constant, (3)

ZmOrp

where K is a censtant defined in the convective heat u1ansfer coefficient
correlation; A=Km", where n=0.59 for packed regenerator,!! which is taken
from the correlation obtained by Rea and Smith;!2 Nu=0.71Pr'/3Re"3Y, where
the Reynolds number Re is based on the hydraulic diameter. The symbol ulde
denotes the averaged property taken within the time period Ar=w¢, i.c., flowing
periods. The relations between the half-cycle averaging and flowing averaging
propertics, z and z, are as follows:

_ 1 A=yl

2= 5T zdt; (4)
;—_l_ e d,__f'\’_.'_z-f <
RN Al =75 % = st ()

The boundary congitions for Egs. (1) an_d (2) are: (i) at w=0, 6=1, m=1: (i1
Al w=w, = l’Rrp/n'zUR Ty 0=T/T,m =m/m, .

To account for the pressure drop across the regencrator, the following
cpirical relation can be used for packed regencrators:

=2
L, ou

A[’-"‘“fu 'T 5T (O)
ro-




where f is the friction coefficient defined as

(114 Re, 072, Re, < 210;
" 685 Re,~0216,  Re, > 210.
where Re, is the Reynolds number defined based on particle size d and pore
velocity u, i.e., Re,= oud /yg

If the pulse rate fis not o high, a quasi-stead)" assumption can hold'¢ and
Eq. (6) can be used to correlate the mass tlowrate (m =Q—ll/4c) with the pressure
drop AP which, in the charging period, is defined a.,

P,-r, for t < ¢

h p

AP(t)=P,-P (1) = (8
W=Fa=Folt {0, for 1 >t~ )

For regenerators made from wire screen, a similar correlation can be uscd.!?

PULSE TUBE

Similarly, the governing equations of a pulse tube for tube wall temperature
6 and gas mass flow rate m are

dm ¢Clp! 1
717=(1- me)? ®)
do G, l1+%/0))-{(y-1)/ylm
daw T T ; (o)
m
-1 h rA !L ! C"I ! . |
c =1 L L - ;s O, = [m(T T D, =censtant (1) .
Pt Y ( Vp! 2”.-1,"_,) Int pt
b=2{ L. Vi Pure L (12)
y—1 hpr/lpll,/” At T,

where P, = (P, P))/2; At=y{; 0= T/Th; m =r7z/rfzh,' h/,, 15 the convecuve heat
transfer cocefficient between gas and tube wall, which can be obtained from
Nusselt correlation!® for turbulent flow; Nu=h ok, =0 GIORA 3

(cd, /1. o) 33, where the Reynolds number is dcfmcd bused on the pulse tube

invide diameter, For lamina flow, Nu=4.36 1s uscd.




The boundary conditions fer Egs. ‘9) and (10) are: () at w=0,0=1, m=1;
(i) at w=w, =V, /Tmth 8=T/T, ri=m.m,.

SYSTEM ANALYSIS
BASIC ASSUMPTIONS
In the system analysis of BPT refrigerators, several assumptions are made:

1. The cooling jacket is designed very well so that the inner jacket wall
temperature T, the pulse tube wall temperature at the junction w=0, T,__,
and the coolant flow temperature 7, (i.e. heat sink temperature) arc
approximately the same, i.e. 7,=T, =7, =T,.

2. The volume of tne cold end is small, and the temperatures at the junctions of
the regenerator, the cold-end heat exchanger, and the pulse tube wall are in
thermal equilibrium, i.e. T,=T =T,. The mass flowrate at iniet and outler of

the cold-end heat exchanger are approximately the same, i.e. /izO:rr'zc.

3. The efficiency of the regenerator is very high so that the matrix Iempcrdturc

T is approximately equal to the gas temperature at the entrance 7
T T
1

I

4. The flowing periods will not exceed the half cycle period, i.e., w<0.5.

With the previous assumptions, thec normalized variables defined in the
previous dimensionless governing equations can be determined and system
analysis can be performed.

INPUT PARAMETERS AND ANALYTICAL PROCEDURES

By solving the governing equations of the regenerator and the pulse tube
one after the other and applying the boundary conditions, a system performance
analysis can be carried out with some parameters remaining to be inputs. The
analytical procedure represented by an information-flow diagram is as shown in
Fig. 3. It should be noted that the instantancous mass flowrate through the
regenerator m 1) is calculated first, and then the average mass flowrate at
flowing period i is determined and matched with the solution from the
poverning equations of the regenerator and pulse tube, During the solution
processes, C, and ( , arc determined by matching the boundary condinons in
the regenerator and thc pulse tube,

It was found that there are six input parametets tor the perfermance ol
BPT refrigerators: 17, P, T, IU T,,, and f. For a design of BPT
refrigerator, the pcrfornmmc is then determined if these six input parameters
related to the operating conditions were given, The performance of BPT
retnigerators can be represented by the heat rejection rate Q) the cooling load



Q,, and COP. It can be shown that
Q, = wC,Cpps (13)
Q,=0Q,-0r= 3 [(rthTg),,—(meTg)R] dt=yC,(C,,,~Cp); (1)
0

-

At m; . <
(Ph-P,_)z/—z=w?(Ph"P1.)’ (15)

Q/, Q—Cp(clpr B CIR)
- = = (10)
W m. (P, —P))

EXPERIMENTAL VERIFICATION

The present system analysis was carried out for the BPT refrigerator used
by Colangelos et al. in their experiment.!! The design specifications, operating
conditicns and system performance are listed in Table 1. The predicted cooling
capacity (8.0 W) agrees fairly well with the experimental result (9.0 W), about
an 11% deviation. The deviation may result mainly from having ignored gas
heat conduction during quiescent periods and the quasi-steady assumption ot the
gas flow rate vs. the pressure drop across the regenerator, the errors of heat
transfer and the frictional factor correlations of the regencrator used, and the
experimental errors. The agreement between the experimental data and the
present analysis also indicates that the convective heat transfer between gas and
tube wall or regenerator matrix could be a controlling mechanism of the surface
heat pumping effect in the performance of BPT refrigerators. We expect that
the accuracy of the present analysis could be improved if more accurate
empirical correlations for the heat transfer coefficient and friction factor were
uscd and the gas conduction heat transfer mode during quiescent periods was
considered.

PERIrORMANCE OF PULSE-TUBE CRYOCOOLERS

A system perfermance analysis was carried out for the BPT refrigerator
presented in Table 1. Figure 4 shows that at a fixed cold-end temperature 77,
the COP increuscs first with the charging pressure P,, then reaches 4 maximum
value and then decreases. This is due to the transition of convective heai
transfer in the palse tube trom laminar to turbulent. Since the mass fiow rate in
the pulse tube increases with charging pressure, the curve at the left side of the
optumum COP point represents the laminar flow region. In laminar flow
operation, COP will increase monotonically with the charging pressure I, . This
coincides with many ficld experiences that o BPT refrigerator will perform betrer
if laminar flow s maintained in the pulse tube b0
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Table 1. Comperison of experimental and analytical cooling capacities.

Design Specifications

Pulse Tubc:

dp = 15.06 mm
Regencrator:

d, = 1.27 mm
Dy = 24.38 mm
Gas Heat Lachanger:
Dy, = 15.06 mm

stainless stecel
L, = 3048 mm

packed dcad spheres
Ly = 304.8 mm

Vy= 1.1x10 sm}

thickness = .40

¢ = 0.388

Opcrating Counditions

1}

T, = 278.5 K
= 5.1 atm abs

P
l

7, = 2089 K
P, = 1.7 aun abs

T, = 298.0 K
S = 15Kr1pm

Cooling Capacity

Mecasured: ¢,
Predicted:
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Fig. 4. Variation of COP with charging pressure F,.

Figure 4 also shows that COP does not vary with the pulse rate. The reason
is that, as long as the flewing period does not exceed the half-cycle period, i.e.
w < 0.5, and the gas conduction heat transfer during quiescent periods is
ignored, the pressurc-time wave form and the heat*transfer rate will remain
unchanged at a fixed charging pressure. Figure 5 shows that the cooling load (),
increases with the cold-end temperature 7, and pulsc rate /.

The present system analysis can also be used to investigate the cffect of
regencrator and pulse-tube designs on system performance. Figure 6 is a result
simulated for the same BPT refrigerator but with reeenerator design changed by
using different diameters for the lead spheres. ot hagiac cold-end temperatuic,
changing regencator particle size d, will not change the erformance
significantly. However, at the lower cold-erd temperate ¢, the regenerator design
will significantly affect performance, espec-ally the ¢of-end temperature at zeio
cooling load. The dashed line shown in Fig. € is the csult for the BP7
refrigerator design shown in Table 1 but with the pulse tube lengith inercased by
1.5 timces and the lead sphere diameter of the regencrator reduced by 4 times,
The results show that the cold-end temperature at zero cooling load diops
significantly. Figure 6 indicates that at the higher cold-end temperature, the
systern performaace will not be significanty different for varions BPT
retrpetator designs,
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CONCLUSIONS

The system performance analysis developed in the present study can be used
to predict the perfcrmance of BPT refrigerators without the need for
determining the pressure-time wave form in the pulse tube experimentally as
required by Colangelo ef al.!! Thus, the analysis is simple and can be carried
out even on a personal computer. The analytical results obtained in the present
study also indicate that the convective heat transfer between the gas and the
tubce wall or regenerator matrix during flowing periods may be a controlling
mechanism in the performance of BPT refrigerators. However, the accuracy of
the analysis may become lower if the gas heat conduction during the quiescent
periods dominates, which may depend on the design and operating conditions.
We believe that the surface heat pumping effect of BPT refrigerators consists of
the heat transfer processes during quiescent (gas conduction) and flowing (gas
convection) periods. The relative importance of both heat transfer modes will
depend on the design and operating conditions. The system analysis including
both kinds of heat transfer modes will definitely improve the accuracy. This
remains for further studies.
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NOMENCLATURE
A, = surface area per unit length of regenerator;
A

= surface area per unit length of pulse tube;

a’p = particle diameter of regenerator;
dp, = inside diameter of pulse tube;
k‘g = thermal conductivity of gas;

Dy = insidc diameter of regenerator;
1..[” = length of pulse tube;

Ly = length of regenerator;

R = gas constant;

7 = temperature of pulsc-tube wall or regencrator matrix;
V, = gross volume of regenerator;

@ = mecan gas density;

M, = B viscosity;

88




Subscripts:

c = compression

e = expansion

g = gas

0,i,h,c = locations
Superscripts:

t2

-3

10.

half-cycle average

time average over flowing periods
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PULSE TUBE COOLER MODELING

G.M. Harpole and C.K. Chan
TRW Space & Technology Group
Redondo Beach, California 90278

ABSTRACT

& pulse tube refrigerator model was developed by combining detailed
component models. The component models are based on local conservation
of mass, momentum, and energv. The svstem model predicts pressure, mass
flow rate, heat flow, and enthalpy flow at all the interfaces between
components as functions of time as well as overall svstem performance
parameters, heai loads, and compressor work. The numerical methods were
selected for rapid convergence and simultaneous solution of the
component models at all interfaces.

4 sensitivity study with this model demonstrates the strong
dependence of system performance on the orifice valve setting. There is
an optimum valve coefficient that gives peak performance The
sensitivity study also showed that performance can be significantly
improved if the regenerator pressure losses are reduced (by increasing the
regenerator permeability, by increasing the cross-sectional flow area,
by decreasing the length, by decreasing the compressor frequency, or by
increasing the mean pressure).

SYSTEM CONFIGURATION

The one-stage pulse tube refrigerator configuration inciuding an
orifice and reservoir (see Fig. 1) studied hcre was first reported by
Mikulin® and further developed by Radebaugh®. This refrigerator
consists of a compressor, heat exchangers, and passive components
connected in series. 1n sequence, these are: the compressur, the
aftercooler (heat exchanger), the regenerator (heat exchanger). the cold
end heat exchanger, the pulse tube, the hot end heat exchanger, the

orifice, and the veservoir. The pulse tube and the reservoir are empty
volwres. The heat excliangers are typically packed fine mesh screens.
Helium is the working fluid. From the compressor through the cold end,

the pulse tube refrigerator is similar to a Stirling refrigerator.
However, in a Stirling refrigerator there is a displacer piston instead
of the components from the pulse tube throeugh the reservoir. These
comrponents have the same function as a second pistorn.  The pulse tube
cooler is a variant of the Stirling refrigerator.




Aftercooler HX

Piston Cold-End HX Hot-End HX

Crifice
Regenerator '

Pulse Tube

Y Xz

Compresso

b Y
/ v‘
Q

T ™~

Reservoir — =

Figure 1. Pulse tube cooler configuration.

oYSTEM MODEL APPROACH
ASSUMPTIONS

The purpose of the preseat model is to simulate the "periodic steady
state"” after the hardware cooldown. During the "periodic steady state"
the hardware temperatures are constants, and the gas states and heat
exchange are predicted as functions of time. In the calculation, the
gas usually equilibrates to a cyclically repeating condition in just a
few compressor cycles.

The present pulse tube vefrigerator model uses simplifications that
take advantage of the characteristically efficient heat exchangers in
practical devices. The number of transfer units (N ;) for typical
regenerators js on the order of 100. The gas temperature approaches the
heat exchanger temperature as exp(-N,,). The model assunes for all heat
exchangers (aftercooler, regenerator, cold end, and hot end) that the
gas temperature is the same as the heat exchanger solid temperature.

For the regenerator, this tenpervature is a linear tunction of position
X
T=T + (T - T s
a c a'L

where T, is the afterconler temperature, T_is the cold end temperature,
L is the regenerator length, and x is the axial position within the
regenerator. This linear regeneritor temperature has been veritied for
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Stirling refrigerators®. These temperature assumptions imply zero
enthalpy ilow averaged over a cycle at both of the regenerator
boundaries. The gas temperatures are used only in mass and momentum
conservation equations to solve for pressure drops. All other heat
exchanger solid temperatures are assumed time and space independent.
Heat rejection from the heat exchanpgers is determined from the non-
symmetrical gas temperature at the interfaces with the pulse tube or the
COmpressor components.

The reservoir is assumed isothermal. This assumption is in keeping
with the low flow rates through the orifice and typical system
configurations. The reservoir pressure variations are small, so the
system impact of assuming an isothermal reservoir as opposed to say an
adiabatic reservoir is minimal.

Both ar. adiabatic compressor model and an isothermal compressor model
are implemented. The compressor volume is considered well mixed. The
gas temperatur~ and pressure are both predicted as functions of time,
but the entire compressor volume is represented by one temperature and
one pressure. When gas enters the compressor from the aitercooler it
has the aftercooler temperature, while the gas exits at the compressor
mixed gas temperature.

Cenversely, the pulse tube ic accumed to have segregated gas
elements. There is no direct thermal diffusion between adjacent gas
elements. Howeve:, the pgas elements can transfer heat with the wall
(solid) elements. Thus, heat can be transferred indirectly between gas
elements by temporary storage of heat in a wall element that both gas
elements pass. Thils wall heat transfer can optionally be shut off by
setting the wall Nusselt number to zero. The pressure within the empty
pulse tube is dependent on time, but is assumed independent of position
(e.i., no pressure drop in the pulse tube). The gas temperature is
computed as a function of both time and position in the pulse tube. as
gas elements enter the pulse tube from the heat exchanger at either end,
rthey are assumed to be at that heat exchanger temperature. As gas
elements leave the pulse tube, they exchange enthalpy in proportion to
the difference between the gas exit temperature and the heat exchanger
solid temperature.

SYSTEM NUMERICAL APPROACH

The flow behavior in each of the components is strongly coupled to
the others. The equations governing the flow in each component are
highly non-linear. Hewever, shooting methods such as Runge-Kutta have
been found ineffective. Therefore, the numerical method selected uses
linearization and solves for the flow in all components simultaneously.
The numerical approach subdivides the compressor cycle into many time
steps and satisfies equations for conservation of mass, momentum, and
energy in each component (and at many node points within some
components) at the current time step before proceeding te the next time
step.




The present model consists of component models and a method to solve
thiose component models simultaneously. First, the component models
(which consist of all the conservation equations) are linearized.
Linearization necessitates iteration at each time step, but it also
results in rapid convergence within just a few iterations. This
linearization is not an approximation, but merely a numerical method to
converge on the solution to true non-linear equations (it is analogous
to the Newton-Raphson method). Second, the component models produce the
coefficients for a set of linear relations between the pressures and
mass flow rates at the boundaries of the components. Most components
have two boundaries with their neighbors, and their models produce
coefficients for two linear relations of the pressures and flow rates at
the boundaries. The compressor and the reservoir each have one boundary
and their models each produce coefficients for vae such relation. An
elimination procedure is then used to solve simultaneouslv for the
pressures and mass flow rates at all the interfaces between components.

The gas temperatures are inputs (taken from the hardware
temperatures) for all components except the (adiabatic) compressor and
the pulse tube. These two components are isolated with heat exchangers
at each boundary. Thus, their gas temperatures can be viewed simply as
functions of the pressures and mass flows, not as additional primary
variables. The compressor and pulse tube component models solve for
these gas temperatures as a separate step between iterations. The
pressure and mass flow rate at each node point subdivision of ecach heat
exchanger are also computed in a separate step between iterations.

COMPONENT MODELS
COMPRESSOR
The instantaneous mass of gas in the compressor is

e
™= RT

Conservation of mass is expressed by taking the time derivative of the
above expression.

<o
—

-~
<l
Q.
ot
=3
Q>
(a4

The initial negative is due tou the sign convention of m being the macs
flow rate out of the compressor. The last term is zero for an
isothermal compressor. For an isothermal compressor, the gas
temperature remains at the initial input value, and no energy
conservation equation is needed.
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The adiabatic compressor requires a different energy conservation
equation depending orn whether the flow is in or out of the compressor.
The adiabatic compressor is actually only adiabatic when the mass flow
is out of the ccempressor

>

°er _k
P

1 .
= 1 >
T ét v

Qul
t 1o
=]

where k = (v 1)/7. When gas enters the compressor from the
aftercooler it is at the T, aftercooler temperature, and it mixes with
the other compressor gas. Mixinp gas of two different temperatures is
not adiabatic. The energy conservation equation in this case is

TY 146V T) 13 :
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t T Ve T )P

HEAT EXCHANGERS
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T
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The temperature of the heat exchanger surfaces is a (time
independent) function of x -- linear for the regenerator and constant
for the other heat exchangers. The gas temperature is assumed to
equilibrate rapialy tou the local heat exchianger temperature. This known
heat exchanger temperature takes the place of an energy conservation
equation. Local conservation of mass and momentwr are solved by a
finite difference method to compute pressurc and mass flow rate as
functions of x (downstream axial position) at each time step.

The pas temperature is a function of position but not a function of
time. Thus, the equation for local conservation of mass is

gm _ -[CA] dp

ax RTJ 3t

where ¢ is the porosity of the heat exchanger packing and A is the total
flow area upstream of the packing. sr that ¢A is the flow area within
the packing.

The equation for local conservation of momentum is

..M oftell L R g (1)
' X ) &t 2 9x
ax AK p Al o Ae & (aeye =lp )

where K is the permeability of the heat exchanger packing and C; is the
second permeability coefficient. The terms contributing to the pressure
drop (right hand side of the equation) in order are: the viscous drag,
the form drag. transient momentum storage, and inertia. The mass and
momentum conservation equations are linearized and solved by the Keller




Box method® to produce the coefficients of a pair of linear relations
between the pressures and mass flow rates at the component boundaries.

For pscked screens, the permeability is well correlated by the Kozeny
equationS

42 3
K o — __i__a
122 (1-¢)

where d is the wire diameter. For packed screens®, C. = 0.07¢4.
PULSE TUBE

The pulse tube js assumed to have the same pressure at all poinrs.
This spatial independence of pressure takes the place of a momentun
conservation relation. Local conservation of mass and energy are solved
using a Lagrangian approach. A set of gas elements are defined with
fixed, equal gas masses. The gas element positions, volumes, and .
temperatures are tracked with time.

The temperatures of the gas elements change with compression or
eipansion, with heat exchange to the pulse tube walls, and when entering
a heat exchanger at either end of the tube. At the beginning of each
time step, the pressure changes, and temperatures ot all gas elements -
within the pulse tube are adjusted for adiabatic compression ovr
expansion, T=T,(p/p,) " /7. The gas elements move in the tube both
because of the mass flow rates at the ends and because of gas element
volume changes (due to pressure and temperature changes). The tube wall
is divided into sonlid elements with equal thermal mass. As the gas
elements move past the solid elements, there is heat exchange. The
Nusselt nurber (a user input) is used to determine the heat transfer
coefficient, h = Nu k/D. The heat exchange is proportional teo this
Nusselt number, to the temnerature difference between the gas element
and the solid element, and to the residence time for the gas element
being next to the solid element. This wall heat transfer can be shut
off (i.e., adiabatic wall assumption) by inputting a zero Nusselt
number . When a gas element eiters a heat exchanger at either end of the
pulse tube, it exchanges heat tc eguilibrate to the heat exchanger
temperature. Gas elements leave the heat exchangers to re-enter the
puise tube at tlie heat exchanger temperaturc.

ORIFICE OR VALVE

The orifice component model assumes that the mass flow rate at the
right and left ends are equal (no temporary storage oi mass, as iu the
other components). Thus, only a pressure drop relation is needed. The
choices of a circular tube orifice {specified length and diameter) or a
valve (specified valve coefficient, C.) a:e implemented.
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In the case of a tube, the pressure loss is the sum of viscous losses
and (entrance and exit) dynamic losses

2 2 _ 4RT uL fRe m K RT m|m|

Pg = Py D2 2

where L iz the tube length, D is the tube diameter, A is the tube flow
area, K is the dynamic loss coefficient, u is the gas viscosity, and fRe
js the friction factor times Reynolds number. The orifice is between
component interfaces 6 and 7 -- hence the subscripts on pressure.

The valve coefficient, C;, is a dimensional quantity which is detined
by valve manufacturers with an odd mix of units. With all other
quantities in SI units (kg, s, m, Pa, kmol, K), the pressure drop
relation for a valve is

13
2 2 3x10°°T m|m|
p E —— e

p -
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SYSTEM MODEL RESULTS

The present pulse tube system model has been used for sensitivity
studies, to identify key parameters, and to determine performance
potential. The model presented in this paper has a number of
idealizations that do not perfectly match hardware for which we
currently have data. In peneral, the model predicts the pressure quite
well, but not the cooling power. However, this model is being upgraded.

SENSITIVITY STUDY

A pulse tube system with a compressor of 3 cc swept volume was
selected ac a baseline for our study. The aftercooler, regenerator, and
cold end fit in a 8.64 mm ID tube. The aftercnoler has 15 150-mesh/inch
copper screens. The regenerator has 620 250-mesh/inch stainless steel
screens. The cold end has 22 150-mesh/inch copper screens. The pulse
tute is a 48 mm long, 5 mm diameter tube. The hot end has la 150-
mesh/inch copper screens. The reservoir is 52 cc. Some other
parameters for this baseline case are given in Table 1.

Pressure and mass flow rate histories for the baseline case are shown

in Figs. 2 and 3. These solutions are {or component interfaces 1
(between the compressor and aftercooler), 4 (between the cold end and
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Table 1. Varied Parameters and Baseline Values.

Parameter Baseline Value

Frequency 40 Hz

Swept volume 3 ec

Porosity 0.65

Permeability 2.33E-11 n?

Cy of orifice 0.005

Pulse tube length 4.70 com

Regenerator length 3.67 cm

Regenerator flow area 0.586 cr?

Mean pressure 11.36 bar

Cold end temperature 100 K

Hot end temperature 300 K
pulse tube), and 7 (betwcen the orifice and reservoir). The abscissa in
these figures was converted from time to compressor position. The
solutions shown here are for the fourth compressor cvcle. Four cvecles

is sufficient, because the pressures and mass flow rates are seen to
repeat at the 0° and 360° points, and because the component work and
heat rejection values converge. The pressure histories (Fig. 2) are
seen to deviate from sinusoidal by being more peaked at high pressures
and broader at low pressures.

The mass flow rate hictories {(Fig. 3) are more non-sinusoidal than
the pressures. The mass flow rate history through the orifice has a
kink at zero mass flow. There is a mass flow rarte squared
proportionality for the pressure drop through valve type orifices.

Thus, as the pressure difference across the oritice approaches zero, the
rate of change of mass flow rate is intinite. The finite time step size
(each compressor cvcle was subdivided into 120 time steps for this
example) with the infinite slope at zero mass flow results in a small
kink.

A Sensluivicy sSiudy was colducied Lo uvtelhiine Lue ampact of matn of
the pulse tube cooler design and operating parameters to the systen

performance (paramcters varied are listed in Tables 1 and 2). 1In most
cases, onlyv one variable at a time was altered from the baseline case.
Heowever, when porosity was varied, permeability was also varied. The

compressor mean volume was alwavs 4.98 cc minus half the swept volume.

The scensitivity study results (fraction of Carnot efficiency.
compressor work, cold end heat rejection, and ratio of dvnamic pressure

to mean pressure in the compressor) are shown in Table 2. The largest
predicted efficiencies (0.52 times Carnot efficiency) were achieved by
increasing the regenerator permeability (cases 7 and 8). Most other

predicted significant improvements in the specific performance are also
directly related to reducing the pressure drop in the regenerator.
These include: lower frequency (case 2), smaller regenerator length




Table 2. Sensitivity Study Results.

Case Varied Paramecter Value . Work (W) Cooling (W) pi/p,
1 None (bascline) - - 0.356 276 4.4 0. 234
2 Frequency 70 Hc 0.434 144 3.1 0. 170
3 Frequency 80 Hz 0.193 55.8 5.4 0.275
4 Swept volume 2 cc 0.386 12.3 2.4 0,150
5 Swept volune 4 cc 0.323 50.8 8.2 0.324
6 Porosity 0.4 0.070 53.6 1.9 0.537
Permeability 1.85E-12 mf

7 Porosity 0.8 0.510 18.¢ 4.7 0.192
Permeability 1.33E-10 n*

8 Porosity 0.63 0.515 205 5.3 0.205
Permeability 1.33E-10 mf

S G for orifice 0001 0,185 13.0 1.7 0. 238

10 Cy foy crifice 0.0G2 0.279 171 DA ¢T3y

11 ¢, for ovifice 0.01 0.335 3a.5 5.8 G.209

12 ¢y for orifice G.02 0.162 31.¢G 3.5 ¢ 162

13 Pulse tube length 2.368 cm 0.386 0.2 5.8 297

14 Pulse tube length .52 cm 0.2% 24.9 3.6 o0l

15 Kegenerator length 1.84 ¢ 0.458 28 ¢ 6.6 0. 250

16 Regenerator length 7.34 cm 0.201 29.3 2.9 0.228

17 Regen. flow area 0.293 cm’ 0.267 41.3 5.9 ¢.320

18 Regen. flow area  1.172 em? 0 409 16 .8 EA C.168

19 Mean pressure 5.68 bar U.262 17.1 2.2 0.269

20 Mean pressure 22.72 bar ¢.431 47 .6 10,2 0.34G7

21 Cold temperature 70 K 0.385 28.1 3.3 0.199

22 Cold temperature 130 K 0.310 26.¢ 6.3 0. 264

23 Hot temperature 250 K 0.332 25.1 5.6 0.253

(case 15), increased regencrator flow area (case 18), and increased mean
pressure (case 21).

The vaive coefiicient, Cy, of the orifice has a large impact on the
specific performance. There is an optimum Cy for each svstem that gives
4 peak etficiency, and both smaller and lavger (. values vesult in
smaller specific performance values. The valve coefticient of the
baseline case is near optimum. The valve coeff{icient is varied in cases
9 through 12, resulting in smaller specific performance than for the
baseline case

Increasing the compressor swept Vvolume increases both the cold end
cooling and the compressor work nearly proportionally. so that the
efficiency variation is small. Increasing the compressor frequency also
increases both the cooling and the work, but then the etficiency
decreases due to increased regenerator pressure losses.
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ACTIVATED CARBON TEST ASSEMBLY

Ben P. M. Helvensteiin and Al Kashani
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ABSTRACT

A crvostat has been asscembled 1in order to estabhish the helham
adsorption characteristics of several commeraally availlabie activated
carbons. The apparatus 1s designed o allow studies of both static and
transient behavior, Static pressures are measured with room temperature
instrumentation applyving thermo-molecular  pressure  difference
corrections.  Transient pressure data are established using cryvogzenic
pressure gaures. This paper discusses the apparatus and results obtained
in preliminary tests. One sample of activated carbon has been tested at
temperatures between 4.2 K and 30 K for pressures ranging from 0.1 kPa up
0 300 kPa.

INTRODUCTION

The amount of helium adsorbed by activated carbon depends strongly
on both the temperature and pressure.  Large amounts of hehum may be
ad=orbed at low temperatures umostly below 30 Ky and over a wide range
pressure (even below 1 Pa=75mTorr). Acuvated carbon is applied in
various tvpes of low temperature refrigerators for its ability to adsorhb and
desorb large amounts of helium reversibly.  Typically, carbon forms the
votter for a gas . vacuum heat switchl2. In more advanced syvstems the
carbon affects evaporative coolingd#. The efficiency of carbon controlied
heat switches and pumps may be 1mproved significantly by preaise
knowledge of the temperature - pressure - adsorption relations of the
incorporated carbon.

Low temperature hielium adsorption data has been collected by
Vazquez et al. and others™ 6, however, the carbons used for these
publications are not so readily available. Because of the varmation
adsorption qualities of nonidentical carbons (e.g. between the two sets of
Vazquez data) one may not assume the specifications of one source to be




valid in general, particularly if the margins for operation are tight. The
dilemma presented by availability, variability and need for efficient
adsorption pumps2.4 has lead us to study carbons which are easy to come
by. Ironically the first results published here are on a carbon sample for
which future production is uncertain. This choice is related to the
unusually high surface area (2000 m2/g) suggesting a great potential for
helium adsorption. Experiments on mass-produced carbons are not vet
completed and so will be published eisewhere.
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Fig. 1 Sketch of the Activated Carbon Test Assembly.




APPARATUS

The main component of the activated carbon test assembly (ACTA) 1s
the annular carbon shell (ACS) depicted in figure 1. The container 1s
constructed as an annular space in order to attain the desired wall area to
bond the carbon to, without compromizing on container volume (39 cm3).
The ACS contains 3.5 g of cylindrical carbon granules®, roughly 4 mm tall
and 3 mm in diameter. The granules are bonded with a thin layer of
stycast 2850 FT to the container wall. A manganin wire heater is varnished
to the ACS as well as a germanium resistance thermometer (GRT). The
pressure inside the ACS may be measured through a 1.5 mm inner
diameter tube by an external gauge* (as shown) or by means of a cryogenic
pressure sensor (CPS, not shown). The pressure data contained in this
paper are measured with an external Mensor gauge (model 100) fitted with
a 1.4 MPa (200 psi) pressure module. Modules for different pressure ranges
are available. The gauge volume (including the space between the valves VO,
V1 and V2) equals 37 cm?. A second port to the ACS is provided
by the needle valve to supply the helium when the CP3 is in place. In the
present experiments the needle valve is closed (average leakrate over three
days < 10-6 std.cc/s). The needle valve port ic supplied with a separate
heater and carbon resistance thermometer (CRT) so that its temperature
may be kept in check with the ACS temperature.

The ACS is surrounded by an annular vacuum can. The pressure
inside the vacuum can is controlled by means of a small carbon tray. When
the carbon tray is heated up, the vacuum is broken, thermally shorting the
ACS to the liquid helium bath. The ACS is made out of copper and its inner
wall is extended downwards increasing the cooldown heat exchange area.
The spacing betwcen the ACS facing walls of the vacuum can and the ACS
is roughly 0.5 mim. This close fit allows the rapid cooldown needed in
transient studies. To date no transient data have been recorded using
ACTA since this requires a CPS in place

Not shown in figure 1 is the data acquisition (HP), wiring and some
additional piumbing. For graphics and minor computations a Maclntosh
computer has been used with Abelbeck Software.

PROCEDURE

After leaktesting, the cryostat is prepared for an experiment by
purging the ACS at room temperature repeatedly with nitrogen gas and at
a leter stage with helium gas. In between pressurizing and before
cooldown inside the dewar, the ACS is thoroughly evacuated using a turbo
pump. Once the dewar is filled with liquid helium and the cryostat is cold,
the activated carbon is given a tiist charge of helium gas. The amount
admitted 1s derived from the change in tank pressure before and after
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passing gas through valve V0. The pressure gauge is pumped out after
which the charge in the ACS is allowed to also enter the pressure gauge.

Being charged with helium, the cryostat is ready for testing. The
ACS is heated up while monitoring the progression in temperature and
pressure readings. Near predetermined pressure values the heating rate
is slowed down. The pressure and temperature data are recorded during
the slow passage of a setpoint. No significant difference in data values
(< 0.1%) has been observed between this mode of measurement and
complete steady state. When the pressure and/or temperature range of
interest has been traversed, the heaters on the ACS and needle valve are
turned off, the carbon tray heater being turned on. Due to the drop in
temperature, the activated carbon pumps the remaining helium out of the
Mensor back into the ACS. The completion of one set of data at a particular
charge of helium to the ACS is succeeded by a repetitive series of additional
charges of helium to the system and more data collection.
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RESULTS AND DISCUSSION

The temperature and pressure data gathered at various charges of
helium to the system are plotted in figure 2. The index shows the total
mass of helium in the system for each curve. In the initial run the system
has been charged with 0.4365 g of helium; a measured amount of helium
(0.4186 g) has been extracted between the first and second run. Given the
selection of experiment setpoints, the data are easily converted into
adsorption diagrams at constant pressure (figure 3). In addition the
variation of helium adsorption during each test is shown in figure 4. The
adsorption is computed by subtracting the mass of helium in the gas phase
in the ACS as well as in gauge volume from the total charge. To this
purpose merely the ideal gas law has been applied. No corrections are
made for thermo-molecular pressure differences over the tube connecting
the ACS and the Mensor. Also ignored is the volume of the tube.
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The data in figure 2 clearly demonstrate the well known feature of
activated carbon to enable one to control the helium gas pressure over a
wide range merely by regulating the temperature of the carbon. The
pressure-temperature relation is of importance in the design of heat
switches. Supplementary data at low pressures is to be taken in the near
future. Computations are in progress to compute the appropriate pressure
setpoints taking into account the thermo-molecular pressure ratios.

Near 20 K the results on the adsorption of the given sample of carbon
presented in figure 3 are found to be quite similar to the data provided by
Vazquez et al. on their sample of Saran. However, at high pressures,
around 10 K and below, the APD sample appears to be a superior helium
adsorber. Figure 4 shows that near 5K and at high helium charges, the adsorp-

tion 1ncreases as the temperature 1s lowered, which suggests multi-laver con-
densation onto the carbon. Whether the adsorption increase is an artifact caused
by our approximations has not vet been resolves.




At low pressures the present data indicate a lesser ability for the APD
than the Saran to adsorb helium. This may be the result of our failure to
include thermo-molecular effects in the data conversion. The effect this
correction is expected to have on the data is to alter the pressure index
labels on the curves to lower values.

CONCLUSIONS AND FUTURE WORK

The experiments have demonstrated the capability of the apparatus
to provide us the desired data-base on various activated carbons. The data
obtained thus far need to be analyzed more precisely to exclude the
possibility of errors due to inappropriate approximations. The tested
sample of carbon appears to be an excellent adsorber of helium.

This work is to continue and expand in three ways. Data will be
gathered over a wider range of pressures; a variety of carbon samples is to
be tested and lastly: adsorption of 3He and 3He-4He mixtures will be
compared to that of the presently studied, more common isotope 4He.
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DEVELOPMENT OF A HIGH DENSITY ACTIVATED CARBON-CARBON
COMPOSITE FOR CRYOGENIC APPLICATIONS

Gilbert Brassell, James Lieberman, and Joserhine Curtis
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NFT, Incecrporated
409 Corporate Circle, Denver, Colcracdo 80401

ABSTRACT

NF?” has developed a methsod for meldinz structural
activated carbon-carbecn composites (ACCs) wnich can te
manufactured into many shapes to be used in getiters and

crvopumps. An effort 1s underway to improve the ACC fcr use
in adscr:tLOW compresscrs for use with Joule-Themrscn
refrigerators. The material currently has a surface area c:
betseen 400 and =00 m"g, a compressive strenc n of 2T o
150 psi, and a cen51t> cf 0.1 to 0.5 g/cr®. The initial

okiective is to raise the surface area to 10C0 n"d and the
density to 1 g/cm3, a level which 1s believed necessary for
use in adsorption compressors. Preliminary studies have
shcwn that high densities and anisotropic thermal
conductivity behavior can be achieved by tailecring the
materials and processes. During the past vear, fiber to
binder ratics, and different binders have been invest:igated,
in addition to metallic salt pretreatment cf startin
materials. The mclding, curirng and activaticn methods alsc
were studied.

Th2 current results show that ce, activation under a
partial blanketing cas ¢f nitrogen gives the best results.

Crerical treatrents of precursoer nate**al has, so far, keen
inconclusive. Turther study 1s being conducted in trhat
area.

INTROpUCTION

The use cf activated carbon for adsorpticn cf gases in
Ccryogenic applicaticns such as cryopumps is ccmmen-place.
Another cryogeric applicaticon now under extensive study is




adsorption compressors for use with Joule-Thompson
refrigeraters. These compressors have no mnoving parts and
require only heat input for their operation. Their
efficiency can be improved with higher surface areas per
unit volure in the adsorber and with lower void volumes. A
new application which has received some attention recenrtly
is the use of adsorbers as a matrix for regenerative heat
exchangers in the 4-20 K temperature range. These adsorbers
would also require high surface-to-volume ratios. The
optimum geometry for the adsorber would be in the form cf
plates in order to eliminate void volume.

Yor use in a regenera%*cr, the adsorrer shceculd have a
good therral conductivity in the direction perpendicular tc
the gas flow, but a low thermal conductivity in the
direction parallel to the gas flow.

Commercially available activated carben vhich 1s used
in these applicaticns 1s granuiar and exhikits a density in
the range of 0.3 to 1.0 g/cm’ and a surface area of abcut
1000 m‘/g. However, since the carbon is used in the forrm c¢f
a packed bed, a certain amount of vcoid space between the
particles lowers the overall surface area per unit volure of
the system. Thus, the adsorbker efficiency is lowered.
4l1s0, the granulated carpon has a tendency tc produce

iable)
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contaminatllon prceblems due to dusting (fr
characteristics.
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KFT has develcred a structural activated carbcn-carben
ccmpcsite (ACC) fcr use in cryogen containment systers.
This composite material which consists of a carbon bonZed
carbon fiber exhibits a surface area of ketween 400 and 50¢
me/g, a ccmpressive strength of 20 to 150 psi, and a density
of 0.1 to 0.5 g/cm’. The material can be fabricated in a
large array of sizes and shapes. Prelirminary studies have
shown that high densities, high surface areas and
anisoctrepic thermal conductivity behavier can be achieved vy
talloring the materials and processes.

EXPERIMENTAL

Fabrication of the activated carbon composite can be
separated into three different steps: 1) fiber preparaticn,
2) composite molding and 3) carbonization/activation. A
flow diadgram of this process is presented in Figure 1. The
effects of fiber activation technigues and process variables
on composite density, porosity, ccmpressive strength,
surface area and thermal conductivity were studied. Prccess
variables investigated included fiber length, fiber-tc-res:in
ratio, binder type, ccmpcsite compression and curing of




composite block, and composite carbonizaticn/activation
profile.

FIBRER PREPARATION

These studies used rayon, polyacrvlon'tVite and cotten
fibers as precursor materials for producing carbon f{ibers.
original work was conducted using carbonized rayon fiber
Because of availability and price, cotton fiber was later
substituted. The carbonized ccotton fiker retained most cf
the positive characteristics needed for its intended

purpcse, l.e. as a starting *a*erial for carkonized
composite redia for high efficiency particulate filters
Further investigation was con,uuted on the cotton bkased
raterial to cptimize it fcr use in getter applications.
Studies of the cotton bkased activated carkon compcsities
(ACCs) shcwed a distinct predominance c¢f average pore siles
in the 17 to 13 A diameter range. Cther samrles ha Erag
rere size distributions centering at 7.5 A. The rma

pore size distribution resulted in an ability to ac

gases at cryogenic terperatures.

The carbon fiker used to fabkricate composites was
cbtained by sublectlng the fibe:r precurscy Lo TEmpEeraturses
up tc 84C°C in an argon, nitrogen, argon,/carkon '

/Cu~ **ncspﬁere to prevert degradaticn. The carbon fiber

hen sized to the desired length by process: e
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COMPCSITE MOLDIKG,/CURIKG

Compcsite molding consisted of preparing a mixture cft
cartcn fibers and powdered phenolic resin in a cilute water
slurry and using pulp/vacuum melding technigques to form 2
solid cake of the desired ccnfi CL’at’Cﬂ The wet cake wac
cured,/dried at 100~150°C for 3-12 hrs which allowed the
resin to flow and create a bending web between the ca rbfr
fibers resulting in a rigid structure. High density sa
wer o rroduced by compressing the wot cake and then cuziz
the caeke 1n a comgressed state.
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Freferred fiber orientation in the final c:mp0f‘ te is
achiev;d during the vacuum moloing proces;. ibers ten
align randomly in planes normal to the appliea force of
vacuur. Because of this preterential orientation, the
material has different conductivities normal and parallel t
the vacuum mandrel or plate. It is thought that anisc t*c[;
therral conductivity behavior can be achieved by intro in
highly conductive flake or f:brous materials into the




Fivber Preparation

;

Weighing o©f Materials
(Fleers ard resmY

i

Water Slurry

l

NVacuwm mola

|
1

—
[ Bincder Cure
L

Pyrolys: g

l
1

I-‘.och;n.ng

l

Inspec+tion

Figure I. Prccess flow chart for producing

tibrcus carboen-
carbon composites



composite during molding. The final composite would have
high thermal conductivity in the plane parallel to the
vacuum source and be thermally insulative in the direction
perpendicular to the vacuum source. Towards this end,
graphite flakes and metallic particles were added to the
water slurry prior to the molding of several composite
samples.

Two naturally occurring organic binders were tried as
substitutes for the phenolic resin. These were cornstarch
and powdered tapioca. Although conposites wvere successfully
fabricated with these binders, rreliminary studies of
dusting characteristics ard surface area were unfavoeorable.
Future experimentaticn may overcome thes: prcblems.

COMPOSITE CARBONIZATION

The carbonization cycle consisted of subjecting the
composite to a temperature in excess of 700°C in an irert
atmosphere to prevent oxygen-induced degradation. Thils
cperation resulted in transformaticn c¢f the phenolic resin
to carboen with the resin shrinking and lcsing about 50% =&
its original weight.

COMPOSITE SURFACE ACTIVATION

The surface area of car.'on bonded carbcn fiber
composites carbonized as described above is quite low (<10
mz/g). However, high surface area values were obt:ined by
exposing the cormposite to a controlled oxidizing . tmosphere.

Experirents were conducted in which carbzsnized rayen
fiber, comrmercially availakle cotton fiber and final
compcsite structures were exposed to different amcunts cof
argon, nilitrcogen and carbcn dicxide while at temperatures in
excess of 700°C. The results of these exgeriments are
discussed belonw.

COMPOSITE PROPERTIES

The ccmposite properties of interest include: density,
pcrosity, compressive strength, dusting characteristics,
hygroscopy, surface area and thermal conductivity. The

density and porosity values were determined Ly using volure
and weight relationships. Compressive strength values
reported were measured using an Instron Tensile testing
machine. Dusting characteristics of the material were
determined by testing to Mil. Std. 1246A and found to have a
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contamination level of <500; the specified limit is <750.
The affinity for water was determined by placing weighed
samples of the activated carbon composite and samples of a
cornmercially available activated charcocal (0.635 cn size) 1in
a humidity chamber for 24 hours. The samples were then re-
weighed and percent of weight gain was calculated. The
surface area measurements were conducted using a Digisork
Model 1600 BET analyzer utilizing nitrogen as the adscrbert.

DISCUSSION OF RESULTS
FIBER PREPARATION

The carbon fiber used was obtained by subjecting a
fiber precursor to temperatures up to 800°C in a inert cr
slightly oxidizing atmosphere. The carbon fiber was milled
to produce different sizes of fiker. Raycn precursor
studies were conducted using fibers milled to 0.C635 cm
("lo,g" fiber) and 0.0127 cm ("short" fiber). The lcng
fiber exhilbited a surface area of 0.75% n?/g and the short
fiber exhibited a surface area of 1.19 m’/g. Compcsites
made with smaller size fiber have hicher apparent density,
lower poresity, greater compressive strength and higher
surface area per unit nmass.

EFFECTS OF FIBER LENGTH

The effect of fiber length on composite properties of
interest was studied by fabricating composite specimens with
long carbcnized raycon fiker (0.0635 cm), short carbkcenized
rayon fiber (0.0127 cm), and a 50/50 mixture of the two
lengths of carbonized ravon fiber. The resin content was
held constant at 30% and the composite specimens were ail
subjected to 700°C for three hours and 3% carbon dicxide in
an argon carrier gas.

The effect of fiber length on density, compressive
strength and surface area is shown 1n Figures II, III and
IV, The composite density appears to be directly
Froperticnal to the fiber length with the lon? fiber
resulting in a composite density of 0.14 g/cm’ (93%
porosity) and the short tiber resulting in an increase cf
composite density to 0.33 g/cr’® (84% porcsity).

The most significant fiber-length-induced change in
properties is that of compressive strength. The compressive
strength increased from 0.38 MPa for the long fiber composite




to 2.03 MPa for the short fiber material, representing a
change of more than 500%. This behavior is significant since
the dusting characteristics of the fibrous composite are di-
rectly related to strength and structural stability.

The composite disks fabricated exhibited a surface area
of 310 m’/g and 380 m’/g for the long and short fibers
respectively. This change is attributed to the inherently
larger surface area per unit volume of the small fiber due
to the larger number of fibers.

EFFECTS OF RESIN CONTENT

The effect of resin content on the composite properties
was evalvated by fabricating disks with 30, 25, 40, and 50
welght percent resin and the remaining material being long
carbonized rayon fiber (0.0635 cm). This resin system will
lose about 50 to 60% of its original weight when pyroly:zed
at temperatures in excess of 700°C. The effects cf resin
content cn density, strength and surface area are plotted in
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Figures V, VI, and VII. As expected, the density and
compressive strength of the composite increase with resin
content while the total porosity decreases.

The effects of resin content on surface area is
significant in that the surface area of the disk increased
from 310 m¥/g to 460 m’/g when the resin content was
increased from 30% to 50%. This kehavior indicates that the
phenclic resin used in this process can be more easily
activated than the fibrous carbon material.

EFFECTS OF MOLDING PROCESS

Preliminary studies on fabrication of a composite
exhibiting anisotropic thermal conductivities were conducted
using graphite flakes and metallic powders. However these
studies were inconclusive and will require additicnal
experimentation.
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EFFECTS OF COMPACTION DURING CURING

High density carbon-carbon composites can be achieved
by mechanical compaction of the composite after pulp/vacuum
molding and prior tc¢ curing/drying. Since the molding tech-
nique is not changed,benefits relating to fiber orientation
such as anistropic thermal conduccivity are related. Recent
experiments have achieved densities as high as 0.7 g/cm’.

COMPOSITE CARBONIZATION/ACTIVATION

As described in the experimental section, the
activation techniques used in this study consisted of
exposing the starting fiber and carbon composite to a
controlled oxidizing atmosphere at a temperature cof 7CC°C.
Experiments were desigred to deterrmine the optimum
conditicns (temperature, time and %CO,) for activation of
the composite structures. In the first experiment,
compcsite specimens were febricated using carbon fibers
cbtained from a rayon precursor. The surface area cf the
fiber used was 0.75 n@/g. The composite specimens were
fakricated with resin contents of 30% and 50% and a fiber
length c¢f 0.0635 cm. The activating operation was perfcrmed
at 700°C for a period of 3, 6, and % hours in an atmosphere
cf 3% co, in argon. The surface area values, which are
reperted in Tabkle I, increased trom 310 rl/g to 807 mé/g fcr
composites having 30% resin and exposed for 3 hours and ¢
hours respectively.

Scanning Electron Microscopy (SEM) photomicrographs of
several specimens were obtained which revealed the
macrostructure of the corposite as well as the rough,
crater-like surface formed during the activation cycle.

The composite specimens containing S0% resin and
activated in the same run exhibited surface area values cf
450 n@/g and 911 n@/g when exposed for 3 hours and 9 hours
respectively. The results of this experiment reveal that
the composites fabricated with 50% resin exhibit larger
surface area values. This is an indication that the
phenolic resin is mcre easily activated than the carbon
fiber.

hlso, higher surface area values were obtained by
increasing the exposure time from 3 hours to 16 hours.
However, the increase in surface area does not appear to be
a linear function of exposure time.

A second experiment consisted of exposing samples cf
carbon fiber cobtained from raycn and untreated rayon fiker




Table I. Surface Activation Parameters

Fiber Length %Resin Temp. %CO, Time Surface Area

(cm) (%) (°C) (%) (hrs) (m?/g)
0.0635 30 700 3 3 310
0.0635 30 700 3 6 510
0.0635 30 700 3 9 §07
0.0635 50 700 3 3 450
0.0635 50 700 3 6 600
0.0635 50 700 3 9 G111

to 700°C and 3% CO, for 9 hours. The surface area of the
previously carbonized fiber increased from 1.19 m°/g to 621
mz/g while the surface area of the rayon fiber carbonized and
activated simultaneously increased from <1 mz/g to 775 m?/g.
Thus, it appears that higher surface area values are obtained
when the rayon precursor is carborized and activated simulta-
neously.

r

A third expecriment conducted consisted of fabricating a
corpcsite specimen using high surface area fiber (775 n‘/g)
and 30% resin. The composite was exposed to 700°C and 3%

CC, for 9 hours. The surface area exhibited by this
composite was 8§22 nﬁ/g, and increase of about 6% cover the
conposite fabricated with low surface area fiber. It
appears that the phenclic resin flows and forms a coating
which covers some of the high surface area of the starting
fiber material.

Several chemical treatments cof precursor material
(rayon and cotton fiber) prior to carbonization have been
tried, but the results have, so far, been inccnclusive.
Further study is being conducted in that area.

Ailthough activaticn cf the carbon fiber prior to
corposite molding will increase the surface area ¢f the
final compcsite, it may also decrease fiber strength. Alsc,
activaticn of the carbon fiber prior to composite molding,
using current activation techniaques, has less effect on
final surface area than activation of the composite during
final carbonization. Thus, greater increases in composite
surface area are currently achieved by activation during the
final carbonization rather than by activation of the carbon
fiber.




The surface area currently achieved by the carbon
bonded carbon fiber composites made with fiber originating
from a cotton precursor and carbonizad in an atmosphere of
nitrogen and carbon dioxide uhlle at temperatures in excess
of 700°C is between 400 and 500 m’/g (as compared to <10 m’/g
for composites carbonized in a nitrogen-only atmosphere).
The highest surface areas achieved using a cctton fiber
precursor were with a 50% N,/50% CO, carbonization
atmosphere. Higher surface areas mlght be achieved with
higher oxygen concentrations, but it becomes harder to
prevent serious degradation or combustion of the composite
under such conditions.

CONCLUSIONS

The activated carbon-carbon composite nedia developed
possess high surface area, high density, structural strength,

low dusting characteristics and a low affinity ior water.

The activated carbon cormposite potentially can be used
in cryogenic applications such as adsorption compressors,
getters, dewars, liquid transfer lines, anti-slosh
containers, superconductor hecusings, ligquid transfer in
space, and liquid cryocgen containment.
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RELIABILITY AND LIFE OF SORBENT
MATERIALS FOR SORPTION COOLERS

G. Mon, L.C. Wen, J. J. Wu, S. Bard, and A. Garnica
Jet Propulsion Laboratory (JPL)
California Institute of Technology
Pasadena, California 91109

ABSTRACT

The ongoing research effort at JPL to understand and confirm the reliability of
praseodymium-cernium-oxide and Saran carbon sorbents for use in long-life 65 K
spacecraft cyrocoolers is described. At the system level, a laboratory PCO/Q,
compressor system that began operation in March 1989 has now logged a total of
12,000 hours of operation with no signs of degradation. Similarly, a Saran
carbon/krypton compressor system has logged a total of 2000 hours. At the
component level, a detailed investigation is underway to measure any possibie
chemical interactions between the sorbents, sorbates, and container materials, and anv
possible physical changes that might alter the heat and mass transfer properties of the
compressor. A specially fabricated sorbent/sorbate test cell is used to precisely
measure the pressure response to programmed temperature cycling, and both
gravimetric and volumetric techniques are used to periodically monitor sorption
isotherms as the materials undergo life testing.

INTRODUCTION

Reliability physics investigations are an important element of an ongoing
research effort at JPL to develop and demonstrate 65 K sorption cooler technology as
a viable low-vibration alternative to long-lhife mechanical Stirling coolers. The goal of
the reliability physics program is to establish the technology base required to design
sorption coolers that can operate reliably in space for 10 years or more. Developing
a detailed understanding of the important failure mechanisms governing cooler life
will enable identification of operating constraints, design enhancements and other
means of eliminating the failure mechanisms.




Sorption coolers have the potential for long life due to the use of solid-state
sorption compressors in place of moving mechanical parts. Achieving and
demonstrating this long-life potential requires a thorough test and evaluation
program at both the materials and component level to understand the
fundamental reliability physics of the sorbent materials themselves, and at the
cryocooler compressor level to understand any system-level synergisms that might
adversely affect long-term sorbent performance. The status, progress and plans of
this sorbent test and evaluation program are the subject of this paper. Reference
1 describes related work being performed at JPL in the area of reliability of high-
temperature sorption compressor components such as electrical heaters and
sorbent container materials.

The overall design of the 65 K sorption cooler system is briefly rcviewed in
the following section. Next, the sorption compressor system-level performance
testing and life testing is described, followed by a discussion of the sorbent
characterization and reliability testing. Finally, conclusions regarding the
prospects for achieving ten-year life for sorption coolers are discussed.

65 K SORPTION COOLER SYSTEM DESIGN

The basic principle behind sorption refrigeration is the temperature-
dependent physical or chemical sorption of a gas by a solid micro-porous sorbent
material such as charcoal. As the sorbent is sequentially heated and cooled, the
gas 1s alternately exhausted from the sorbent at high pressure, or resorbed at low
pressure, respectively. In a sorption refrigerator, the sorbent material is contained
In a number of compressor canisters that are alternately heated and cooled over a
temperature cycling range on the order of 300°C. The range of operating
temperatures varies for different sorbent/gas systems, but is typically between
approximately room temperatere and 600°C.> By ganging multiple compressor
elements together with check valves, a steady stream of refrigerant gas can be
provided to a conventional Joule-Thormson (J-T) refrigeration expansicn stage.

To achieve reasonable efficiencies with sorption coolers below 100 K
requires the cascading of multiple J-T sorption stages. The * ee-stage sorption
cooler system shown in Fig. 1 is used to achieve temperatui s between 65 and 90
K.? The system consists of a 65 to 90 K prasesdymium-ceriuim-oxide /oxygen
(Pr: 5,Ceq :O,. or "PCO/O,") chemisorption lower stage, a 120 to 140 K Saran
carbon/krypton (C/Kr) physisorption intermediate stage, and a 165 to 200 K
Saran carbon/xenon (C/Xe) physisorption upper stage.

To further improve efficiency, the waste heat rejected by the hot
compressors can be used to raise the temperature of the coid compressors by
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Figure 1. Three-stage 65 to 90 K sorption crvocooler.
incorporating various heat regeneration techniques.”® By using these heat
regeneration techniques, the projected efficiencies and weights of 605 K sorption

. . - 3
coolers are comparable to that for long-life Stirling coolers.”

SYSTEM-LEVEL SORPTION COMPRESSOR TESTING

The two main goals of the system-level sorption compressor tests are to:
{1) understand performance characteristics of sorpuon compressor systems by
quantifving performuance sensitivity to critical operating parameters, and (2)
identify long-term degradation trends or failure mechanisms for sorbents, as well
as for sorbent container materials, heaters, check valves, and solenoid valves
operating together and interacting in an integrated system.

To perform the system-level sorption compressae ivsts, two laboratory
breadboard systems have been constructed. Origina 'y, the faboratory systens
operated in tandem us an integrated two-stage sorptice: coa'er, consisting of an
80 K PCO/0, refrigeration stage precooled by a 140 K C/ K stage,™ as shown in
Fig. 2. Instead of an upper C/Xe stage, a 200 K thermoelectric cooler was used




Figure 2. JPL laboratory breadboard two-stage sorption cryocooler.

to precool the C/Kr stage. Compressor heat regeneration techniques were not
used, and the compressor designs utilized gas-gap thermal switches to control the
heat flows. The integrated system successfully demonstrated 1/3 W of cooling at
80 K, and operated at temperatures as low as 72 K.

Subsequent to the above feasibility tests, the system was reconfigured and
upgraded for independent continnous life testing of the two PCO/O, compressors
in March 1989, and the four C/Kr compressors in December 19890 The upgrades
included the incorporation of various fail-safe hardware mechanisims and contro!
soltware to enable continuous unattended operaton, The vacuum dewar was ilso
climinated and the ¢rvogenic J-T valves were replaced by room-temperature
throttling valves.

For the performance characterization phase, the PCO/O, compressor system
was operated with various heater mput powers, evele tinies, compressor masinum
and minimum temperatures, and tow rates. Varying these parameters caesed ihe
cquitibriunt fevels of the high and low system pressures to change. The
characterization test results are sunimarized i Figs 30 which relates e gas thow
rate 1o the svstem pressure difference that was produced. The tlow rate was set
by adjusting the throttling valve. Note that for any given heater power fevel,
increasing the Mow rate causes @ reduction in the pressure ditference. Forany
given flow rate and high and low operating pressures, ihe projecte d J-T cooling
power and refrigeration temperature can be easily computed.” Thus, the
compressor system performance datic can be related directly to projected
refrigerator pe rformance.
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rate relationship after 1 year of operation.

Also shown in Fig. 3 are data for the nominal life test conditions repeated
after one year of operation for the PCO/O, compressors. The data indicates that
the identical pressures and flow rates were produced. The nominal test conditions
are a high and low pressure of 275 psia and 6 psia, a high and low temperature of
923 K and 545 K, a heater input power of 100 W, and a cycle time of 26 minutes.

Figure 4 shows temperature and pressure cycle data for one of the PCO/O,
compressors operating under the nominal test conditions described above. As in
Fig. 3, the superimposed cycles clearly indicate no significant change in
performance (i.e. identical temperatures and pressures) after one year of
operation.

As of September 10, 1990, each PCO/O, compressor has accrued over
12,000 hours and 26,500 cvcles without any signs of degradation. Note that the
test compressors nominally operate at maximum pressures and temperatures that
are about 100 psia and 150 K greater than the 65 K flight cooler design
conditions. Thus, the life testing subjects the laboratory compressors to
significantly greater stress conditions than expected for flight compressors.
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pressure cycles after 1 year of continuous operation.

The C/Kr compressors are presently in the performance characterization test
phase. Curves similar to those in Fig. 3 are being generated for various neater
input powers, cvcle times, and compressor temperature and pressure levels.

One of the compressors in the C/Kr system developed a leak through the
Inconel container wall after about 800 hours of testing. Chemical analysis
revealed the leak to have been caused by corrosion due to the presence of
hvdrogen chloride (HCI). The presence of HCl is due to the incomplete pyrolysis
of the polyvinyvlidene chloride (PVDC), which is the starting material in the
production of Saran carbon. Elemental analysis of the Saran carbon samples used
in the compressors indicated 2.1 10 2.6%¢ residual chlorine present in the original
samples. Prior to initial operation of the system in 1988, the Saran carbon in
three of the four compressors was reprocessed by dehydrochlorination with a
700°C bakeout for four days and a subsequent 900°C bakcout for two additionai
days, with a dry nitrogen purge. Elemental analysis of the reprocessed samples
indicated the level of chlorine to be reduced to 0.13%%, which is an order of
magnitude less than the original chlorine content.

However, the Saran carbon in the fourth compressor was never reprocessed,
and thus sull contained over 2% chlorine. Therefore, development of 4 leuk
caused by HCI corrosion in that compressor was not surprising. The faulty




compressor has since been removed from the system. However, the plumbing
lines in the rest of the system have not been cleaned to remove any residual
chlorine that may still be present. Nevertheless, the remaining three compressors
continue to operate successfully and have accrued over 2000 hours of operation as
of September 30, 1990.

It is important to note that the Saran carbon presently being produced at
JPL is processed at 1000°C, with a resulting final chiorine content of less than
0.02%.> This is two orders of magnitude lower than the chlorine content of the
Saran carbon originally used in the C/Kr laboratory compressor system. Further
separate testing of the new JPL-produced Saran carbc~ samples is planned to
verify that no significant quantity of chlorine is evolved when the samples are
cycled between the expected flight compressor temperatures, and to verify that no
significant corrosion is caused by any evolved trace quantities of chlorine. In
conjunction with continued life testing of the remaining laboratory C/Kr
compressors, which contain Saran carbon with about 0.13% chlorine, these
scparate tests with the JPL Saran carbon should help to completely resolve the
HCI corrosion issue.

Although no performance degradation of the PCO/O, and C/Kr compressor
systems has been detected, one of each compressor type will be removed,
disassembled, and analyzed in depth to study any changes that may indicate
internal degradztion or design weaknesses that need to be corrected for a flight
design. In addition, a high-precision mass spectrometer (UTI ISS-25A Intelligent
Sampling System) facility has been established to periodically analyze gas samples
from the remaining PCO/O, and C/Kr compressors. This mass spectrometer is
particularly suited to analyze trace guantities of contaminant gases in oxygen.

SORBENT CHARACTERIZATION AND RELIABILITY TESTING

The primary goals of the sorbent characterization and reliability testing are
to: (1) understand critical sorption, kinetic, pressure drop and mass flow
performance characteristics of sorbent beds and materials, (2) to understand
parameters controlling sorbent reliability, and (3) to devclop test methods to
demonstrate S to 10 vear life. The approach includes developing small sorbent
test cells to be used for cycling PCO/0O,, C/Kr and C/Xe sorbent beds, and
developing techniques to measure selected sorption isotherms in order to evaluate
possible changes in sorption capability after prolonged cycling.

138




SORBENT RELIABILITY TESTING

While the ongoing compressor system testing provides useful sorbent
degradation information, and the 12,000 hours of accrued PCO/O, compressor
life without degradation is encouraging, the slow cycle time of about 30 minutes .
makes prediction of long-term behavior very difticult. Therefore, a separate ]
accelerated sorbent life-test program was planned in which several small sorbent '
reliability test cell (SRTC) canisters filled with PCO and carbon sorbents are
subjected to repeated temperature and pressure cycling. By continuously
monitoring temperature, pressure, and concentration data, any signs of
degradation should become evident. If performarice degradation occurs, .
understanding its cause may identify operating constraints or enable a remedy to
be incorporated into the design.

Degraded performance may be due to reduced sorption capability, corrosion
reactions that may occur between the sorbent and the compressor wall and/or
heater sheath, other chemical reactions, or a change in the heat and/or mass
transfer characteristics of the compressor. For eaxumple, if afier repeated cycling a
gap forms between the sorbent and container wall, the heat and mass transfer
characteristics may be altered. Cycling may also cause the sorbent to break up
into smaller purticles, thus reducing the effective thermal conductivity and possibly
changing the mass transfer characteristics of the sorbent bed. To study these
effects, the canisters are constructed from the actual Inconel alloy flight
compressor wall materials, and have been instruimented to monitor radial
temperature gradients. The SRTC design can accommodate various heating
configurations. The current samples are being heated from the outside wall with
a tube furnace, while future samples may include a central embedded heater, thus
simulating the heat transfer processes of various candidate compressor
configurations. The SRTC will also allow study of sorbent kinetics, mass transfer
and pressure drop characteristics, by analyzing the effect of varying cycle time on
sorption and pressurization-depressurization.

The SRTC apparatus with its associated plumbing, plenum chambers, and
transducers, shown in Fig. 5, was designed to allow precise measurements of the
gas mass introduced into the cell by monitoring pressures and temperatures at
various locations. Testing consists of several phases, and is focused initially on the
PCO/0, system.

The first phase consisted of purposely oxidizing the container in order to
form an oxide scale on the inner walls of the SRTC. After assuring that the
system was leak-tight by performing a thorough helium leak check, the SRTC was
filled with 13.1 x 10° kPa (190 psia) of oxygen and maintained at a temperature of
550°C for 700 hours. Oxidation did cause a measurable decrease in pressure over
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Figure 5. Sorbent Reliability Test Cell (SRTC) apparatus.

time, but the oxygen mass loss of 12 mg was found to foliow a highly predictable
function of pressure, temperature and exposure time. This predictability is critical
because it is important to be able to ascribe any mass loss during the SRTC life
test phase to either degradation or simply oxide formation. It is also important so
that any predicted mass loss due to oxidation in a flight compressor system can be
accommodated by pre-oxidizing the compressor metallic elements and by carrying
a small quantity of excess oxygen to replace any lost during the mission.

The next phase consisted of filling and packing the SRTC with PCO to a
density of 4.2 g/em’ using a specially fabricated press fixture. The sorbent cell
was then reinstalled into the SRTC test apparatus and a known mass of oxvgen
was introduced.  Next, the cell temperature was cycled between 280°C ard 350°C
by passing a constant temperature tube furnace back-and-forth over the SRTC.
The sorption-desorption driven by the thermal cycling caused a pressure rise from
0.021 x 107 kPa (0.3 psia) to 115 x 107 kPa (167 psia).

Figure 6 shows pressure, concentration, and internal and case temperature
data for two cycles. The time lag between the internal and case temperatures is
due to the relatively poor thermal conductivity of PCO. Note the change in slope
of the temperature profiles during the heating phase. This occurs when the PCO
becomes mostly depleted of oxveen, after which the energy required to desorb
additional oxygen is reduced, aiicwing the temperature to rise more rapidly. The
preliminary temperature/pressure eycling phase has now been completed.
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cycles.

The current test phase is focused on measuring selected equilibrium
isotherms at various temperatures, pressures, and oxygen loadings, and comparing
the results with transient isotherm measurements in order to fully characterize
transient effects.

Prior to the final life-test phase, a separate SRTC experiment will be
performed to characterize oxygen permeation capability through the PCO bed. If
the pressure drop through the sorbent bed is too great, it may not be possible to
maintain a low pressure of 0.021 x 10° kPa (0.3 psia) while introducing the desired
flow rate of oxygen to the cell. If this is indeed the case, it may be difficult to
obtain a refrigeration temperature of 65 K for a sorption cooler with a similar
PCO bed geometry and packing density. If pressure drop proves to be a problem
with the initial SRTC, subsequent testing with various sorbent packing densities
and oxygen flow distribution hole geomctries is planncd.

Note that packing density affects not only oxygen permeation and pressure
drop, but also void volume. Minimizing void volume by increasing the packing
density is important in order to improve the volumetric efficiency of sorption
compressors.® However, increasing the packing density also increases the pressure
drop through the sorbent bed. The SRTC experiments are designed to improve
understanding of these trade-offs.




After the isotherm and permeation experiments are completed, the life test
phase will be initiated. The SRTC will be thermal/pressure cycled and
continuously monitored over an extended period and analyzed for any significant
deviations from initial benchmark cycles similar to those in Fig. 6. If degraded
performance is noted, its cause will be identified by conducting various diagnostic
tests, including comparisons to the initial characterization test data, analyzing the
gases in the SRTC with the mass spectrometer described above, and comparing
sorption isotherms of pristine and aged PCO using the high-temperature and high-
pressure Cahn microbalance described below in a later section.

After the life-test phase for the first SRTC unit is initiated, a second unit
(which is already built) will be assembied and tested using Saran carbon.

SORBENT CHARACTERIZATION TESTING

A high-temperature, high-pressure Cahn C-1100 Recording MicroBalance
facility has been established to measure sorption capability of potential
sorbate /sorbent systems. The Cahn microbalance, shown in Fig. 7, is a beam
balance that gravimetrically measures the amount of gas physisorbed or
chemisorbed by a known quantity of sorbent.

Figure 7. High-temperature and high-pressure Cahn microbalance facility for
gravimetric sorption isotherm charecterization.




The initial phase of testing is focused on the PCO/O, system to enable the
results to be used in conjuriction with the SRTC experiments described above. To
further understand the effect of sorbent packing density on sorption-desorption
capability, isotherm kinetics, and low-pressure oxygen permeation through the
sorbent bed, several Cahn microbalance experiments with various sample packing
densities and flow distribution hole geometries are planned.

Future experiments are planned to measure selected isotherm points for JPL
Saran carbon/nitrogen. The results will be compared to independent volumetric
adsorption isotherm measurements at the Notional Institute of Standards and
Technology (NIST) using sorbent samples from the identical lot.” These
comparisons arc expected to give further confidence in the gravimetric technique.

CONCLUSIONS

The ongoing rescarch effort at JPL to understand and confirm the reliability
of praseodymium-cerium-oxide and Seran carbon sorbents for use in long-life
65 K cyrocoolers has been described. Various test facilities have been established
and coliection of detailed data needed tu design reliable long-life sorption coolers
is underway.

At the system level, a laboratory PCO/O, compressor system has now
accrued over 12,000 honrs of continuous operation with no signs of degradation.
Similarly a Saran C/Kr compressor system has logged a total of 2000 hours.

At the component level, a specially fabricated sorbent/sorbate test cell is
being used to perform accclerated life testing of the sorbent materials. The initial
characterization phase is currently underway to precisely measure the pressure
response to programmed temperature cycling, and to understand the critical
sorption, kinetic, pressurc drop and mass flow performance characteristics of the
PCO/0O, bed. Separate Cahn microbalance experiments are also underway to
characterize sorption-desorption capability and sensitivity to sorbent packing
density and flow distribution gcometry.

Combined with the initial results of separate tests of high-tempera‘ure
compressor components such as heaters and container materials,! the sorbent
system-level and component-level test results described here are highly
encouraging in terms of demonstrating ten-year life capability for sorption
cryocoolers.
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IS THE V-GROOVE RADIATIVE COOLER OPTIMIZED?

Peter Kittel
Technology Development Branch
NNASA, Ames Research Center, Moffeu Field, California

ABSTRACT

A prababilistic approach to radiative heat transfer is applied to the V-groove
radiative cooler. This approach allows an exact formulation of the relationship between the
parasitc heat transfer and the rejected heat. An approximate method for finding effective
emissivity, €, of the V as a function of the angle of, ¢, of the V is developed. From these
results, 1t i1s shown that from thermodynamic considerations the V-groove radiaior is not
optimized.

INTRODUCTION

The V-groove radiator has been developed as a high performance cryogenic radiator
for spacecraft 1.2, The radiator is claimed to offer significant advantages over conventional
radiators. These advantages inciude an increased cooling capacity and the ability to reach
lower temperatures. Using a simple model, this paper analyzes the radiative heat transfer of
the V-groove radiator and concludcs that the radiator is not optimizea.

A sketch of a V-groove radiator is shown in figure 1. The parasiuc heat lei’ s on the
radiator culd plate are intercepted by an arrangement of lightweight, low emissivity, highly
specular, reflective radiation shields. These shields are arranged to create V-groove cavities
with an included angle of 1.5°. The shields intercept parasitic loads and radiate out through
the mouths of the V-grooves. In effect each opening acts like a radiator in a mulu-stage
radiator. There 1s also radiative heat transfer between neighboring shields.

To analyze the performance of the V-grooves we will use a simplified mode! of a
single V-groove. As shown in fig. 2, we will model the V-groove as a right pyramid with
three hot sides, Ty, and one cold side, T¢. The angle between the cold side and the opposite
hot side 1s . The base 15 open and has dimensions 1 and w. The height of the sides is h.

ANALYTIC MODEL

Radiative heat transfer involves the emission and absorption of photons. If the
photons are confined to a chamber with low emissivity walls, then the photons have only a
small probability of being absorbed when they strike a wall. The probability is €, where € 1




Fig. 1: Sketch of a V-groove radiator
showing the pnincipal components

Fig. 2: Model of single V-groove showing
dimensions

the emissivity. In the limit of €é—0, A photon will make a large number (~ 1/€) collisions
before it is absorbed. This results in near uniform density of photons within the chamber
and the probability of a photon being absorbed by a surface of area A is proportional to €A.
L.e., the probability of a photon being absorbed by A is independent of where the photon
was emitted.

HEAT BALANCE WITHOUT END EFFECTS

We can apply this approach to our modcl of the V-groove. As first approximation,
end effects will be ignored. 1.e., all photons are confined to the V-groove and none are
allowed to leave the opening. This is the same as covering the opening with a perfect
reflector with £5=0. Each surface emits heat;

Qx = O'ExAxTi (1
A fraction, fx, 18 absorbed by each surface; where
Jx = ExAx [ (EcAc + EnAp + EoAy). (2)
In the case at hand, both the hot and cold surfaces have the same emisivities (E=€c=¢t).
Thus fx =exAx/EA 3)
and Qx = t‘xoeATi. (4)

where fy=€xAx [EA=fEAJEA A = Ac+Ap, Ai=A+Ag, Ec=(EA+EQA )/ A When €5=(,
#f=fx.. From fig. 3 we see that heat emitted by the cold surface and the incident heat on the
cold surface are, respectively

4 .
Qce = {cE0AT, (5)
Qci = fEOA Ty + feTo). )
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Combining these results in net heat load on the cold surface of
4 .4
Q¢ = fcfheoA(Ty, - T;) (7
By conservation of energy Qn=-Qc. (&)

On a per unit area basis, only f¢ of the heat flux, g, within the gap is absorbed by the the
cold surface. Thus Qc¢;=fceAq and

q = O(thi; + chg) 9

HEAT BALANCE WITH END EFFECTS

In this section the effect of having an open end will by looked at. In the previous
discussion the gap was closed off with a perfect reflector. From (9), the heat incident on
this reflector is Qo=Aq. If the reflector were removed, one might be tempted to think that
Qo 1s the heat radiated from the system. This is not so. The flow of heat out of the gap is
not balanced by an equal flow into the gap. (We are assuming that the radiator is radiating
to deep space and that the heat radiated from space is negligible.) This results in q being
reduced. Instead the gap acts as if it had an emissivity of €; and only a fraction these
photons are radiated. Thus Qo=€¢Aoq=fo€Aq,

The effect of the open gap on the heat flows is shown in fig. . The net heat load on
the cold surface is now

Qe = fefheOAI(1-f) Ty - (14ofr) o] (a0

where f={/f},. The heat radiated out is
Qo = f£OA Ty + £T0) (i
and by conservauion of energy Qnh=-(Qc + Qo) (12)

Equations (10) and (11) can be rewritten as
Qe = eaAB, Ty - 8cT5) (10u)
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Fig. 4: Heat flow in the V-groove diagram with end effects. Each of the
flows has been divided by €0A for simplicity.

and Qo = £0ANMTY + ¥ TS (11a)

where Ap=hw, dc=fcfh(1 +{of1)A/AL dn=fcfn(1-fo)A/AR, Ye=fcAx/An, Yh=fhAd/Ap. Writing
(10a) and (11ia) in this form emphasizes the dependance of Q¢ on € and Qg on €g. The
coefficients Y. and 7, depend only on the geometry of the radiator. While 8. and Jy, are
functions of € and of the geometry.

The quantity g, is also function of the geometry. To study its dependance on &, we
will look at the case when h=w. This is a reasonable assumption in that the radiators that
have been built have had h=w and &g is not a strong function of h/w. It is not easy to
calculatc €. Two mecthods of estimating it are compaied in fig. 5. The first is Gouffe's
method developed for axisymebic cavities3. The second method is to estimate the number
of umes that 20 incoming photon beam must be reflected before 11 escapes the radiator. The
beam s attenuated by (1-€) on each reflect:on. Integrating over all angles of

: : all : .

ncidence yields to=1- J() (1-e)" sinB do (13)
. . 3.

where e {;n 20)/0 - 1 | ee<>nn//2 .g (14)
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Fig. 5: The emussivity, €, of the V-groove as a function of gap angle, ¢,
for various values of € calcuiated using two different methods.

DISCUSSION

In designing a radiator one would like to ninimize Q¢ while maximizing Q, for a
given nominal radiator size, Ay This is accomplished by minimizing 8y, while maximizing
¢, EoYc. and €qh. These quantities are shown as functions of ¢ in fig. 6. This figure
shows that €Y and €Yy, and thus Q,, can be increased by about 50% by increasing the
angle between the V-groove from 1.5° to 3-4°. This increase comes in spite of €,
decreasing by about 50%. It is a result of Aq increasing and of the changing view factors.
More importantly, increasing ¢ also increases d¢ by about 10% and decreases &y, by 50%.
This decreases Q¢. Thus increasing the angle of the V-groove from 1.5° to 3-4° will
significantly improve the radiators performance.

Another uscful comparison is between the V-groove and a conventional mulustage
radiator with the sarne dimensions. Such a rudiator is sketched in fig. 7. If both of the
radiating surfaces are of equal area and have an emissivity of near 1, then

4
@ = 0Ay sin (Th + To) (15)

Comparing (15) and (11a) shows that for all but the very smallest angles »Q,,. Thi+ is
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Fig. 6: Plot of &, 8, £oYc, and €gyy-as a function of ¢. The solid line uses the reflection
method and the dashed line Gouffe’s method of determining €. They all use £=0.02.

result of the low emissivity of the V-groove (fig. 5). For small angles =sin(¢/2). So to a
good apyoroximation:

Q = (1/€0)Qo. (16)

This suggests that the V-groove radiator performance only approaches the
multistage performance as —0. Furthermore, the gap between the hot znd cold plates of
the multistage radiator could be filled with multlayer insulation reducing Q. Thus, Q<Q..

Fig. 7: Sketch of one section of a multistage
radiator. The two black surfaces radiate to
deep space



CONCLUSION

The individval V-grooves in a V-groove radiator have a peak thermal performance
(maximal heat radiated and minimal interstage neat transfer) for V's in the 3-4" range.
However, the overall thermal performance of a V-groove radiator is inferior to a
conventional multistage radiator. The performance of the two are the same in the limit of
¢—0.

These conclusions are based on an analysis that only considered the radiative heat
transfer. When other considerations are included (such as mass) the system optimization
may coine to a different conclusion.

NOMENCLATURE

A surface area subscripts
f, f fraction absorbed/emitted

b edge of V-rroove ¢ cold surface
g er ce emutted by cold surface
1 length of gap S
¢ incident on cold surface
Q.Q heat flow .
heat flux in gap e effective
9 . . h  hotsurface
w  widih of V-groove .
n nominal
€ emissivity 0 opening
o Stefan-Beltzmann constant t  total
=5.67x10-8 W m-2 K4 x  generalized surface
¢  angle between surfaces
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LONG-LIFETIME STORED CRYOGEN SYSTEMS USING
REFRIGERATORS TO REDUCE PARASITIC HEAT INPUT
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Chris D. Miller, and Stephken J. Nieczkoski

Ball Aerospace
Electro-Optics/Cryogenics Division
P.0. Box 1062
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ABSTRACT

The use of active refrigerators instead of or in combination with stored
cryogens 1in spaceborne, long-lifetime cryogenic instrument systems has
been recognized for some time as being inevitable. The successful de-
velopment of multi-year lifetime, space-compatible refrigerator tech-
nology has allowed this vision to become a reality. Three NASA develop-
ment contracts which involve 5-year lifetime, hybrid stored
cryogen/refrigerator systems are in the preliminary design stage. These
are (1) the X-Ray Spectrometer (XRS), an Advanced X-Ray Astrophysics
Facility instrument, {(2) the Spectroscopy of the Atmosphere Using Far
Infrared Laission (SAFIRE) instrumernt to be flown con the Earth Observing
System platform, and (3) the Near-Infrared Camera and Multi-Object Spec-
trometer (NICMOS), a second-generation Hubble Space Telescope instru-
ment. Within the given mass and envelope constraints, the cryogen life-
times of these systems are increased a factor of 2 to 10 with proper use
of refrigerators that are either space qualified or in an advanced stage
of developwent. The XRS design uses single-stage, split Stirling-cycle
coolers with a superfluid helium dewar. The SAFIRE also uses a super-
fluid heliun dewar, but with both single-stage and two-stage, split
Stirling-cycle coolers. The NICMOS uses thermoelectric coolers with a
tRo-stage, solid nitrogen/carbon dioxide dewar. We discuss the pre-
dicted lifetime improvements provided for these systems by refrigera-
tors, the thermal performance trades leading to the chosen systewm de-
signs, the dewar/refrigerator interface issuts, and the performance loss
in the event of refrigerator failures.

INTRODUCTION

Several long-lifetime, spaceborne dewars have been developed and flown
in support of orbiting instrument systems, as Lyp1f1cd by the superfluid
helium dewar for the Cosmic Background Explorer (CUBE) . These systems
have achieved cryogen lifetimes of about 1 vear by using state-of-the-
art insulation, tank support and low-conductance cabling technology.
Their lifetimes have also been euhanced by uge of very cold vacuur shell
temperatures (140 K in the case of the CUBL) and extensive use of vapor
cooling, which can provide more than a factor of 10 lifetime improvemert
for a heliuw system




New cryogenic systems are being planned with the requirement for 5-year
operating lifetime in orbit. For most of these systems the mass and en-
velope cons‘raints and the inability to achieve a cold vacuum shell
within the thermal environment mandate use of refrigerators, either in
hybrid combination with stored cryogens or alone. There are reasons why
a pure refrigerator approach may be unsatisfactory for a given applica-
tion, including:

(1) For a very low operating temperature requirement, say 4 K, space-
compatible refrigerator technology is simply not mature enough;
this will change with time.

(2) The vibration cf a mechanical refrigerator can produce unacceptable
microphonic disturbances in the detector readout or jitter in the
optical system. In some cases these problems can be .vercome by
remote mounting and vibration isolation of the refrigerators.

(3) The temperature stability provided by a large cryogen reservoir may
be needed.

(4) The power available may be insufficient tc operate the necessary
refrigerators.

The cryogen loss rate from a dewar can potentially be lowered consider-
ably by coupling the dewar to a refrigerator. Therefore, for an
extended-lifetime mission the cryogen system overall mass and envelope
might be considerabiy reduced by a hybrid stored cryogen/refrigerator
approach. This of course requires more power consumption than a purely
passive approach. The most effective use of refrigerator(s) and the in-
terfacing between the dewar and refrigerator(c) depend on many things.
Most important are the cryogen (its storage temperature and vapor cool-
ing potential), the heat lift profile and configuration of the re-
frigerator(s), the power dissipation (level and temperature) produced by
the instrument inside the dewar, and the allowable vibration level. To
be effective, the refrigerator must 1ift heat from a spot inside the
dewar where the levels of heat flow are very small compared to heat
fiows outside the dewar. System-level requirements and interactions
must be considered in choosing, or designing, a refrigerator for a cer-
tain application. A given refrigerator might be quite suitable for one
application, but unacceptable for another.

Several space science missions are being planned which will use hybrid
stored cryogen/refrigerator system:. for sensor cooling. The designs and
predicted performance of three of these are the topic of this paper.
They are: (1) the X-Ray Spectrometer (XRS) of the Advanced X-Ray Astro-
physics Facility (AXAF), (2) the Spectroscopy of the Atmosphere Using
Far Infrared Emission (SAFIRE) instrument to be flown on the Earth Ob-
serving System (EO0S), and (3) the Near-Infrared Camera and Multi-Object
Spectrometer (NICMOS), a second-generation Hubtle Space Telescope (HST)
instrument. Characteristics of these cryogenic systems are given in
Table 1. The XRS cryogenic subsystem (CSS), the SAFIRE instrument and
the NICMOS instrument are in the preliminary design phase a2t Ball
Aerospace under contract to the NASA.

The high-performance dewar technology developed and proven on previous
programs 1s essentlal toc achleving 5-year lifetimpes for these hybrid
systems within the mass, power and envelope ccnstraints. Sophisticated
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Table 1
CBARACTERISTICS OF THE CRYCGENIC
SYSTEMS FOR XRS, SAFIRE AND NICMOS

SYSTEM TYPE CF TANK VACUUM SHELL TYPE(S) OF RESERVOIR
CRYOGEN SIZE TEMPERATURE REFRIGERATOR TEMPERATURE
(liters) (K) (K)

XRS He 11 490 250 1-stage split 1.3
Stirling

SAFIRE He II 124 300 1-stage and 1.9
2-stage split
Stirling

NICMOS  N,/CO, 71/25 270 Thermoelectric 58,130

computer modeling tocls to predict dewar performance for these types of
systems have been developed and carefully verified by ground test and
flight performance data”. These analytic tools are equally applicable
tc hybrid systems and help provide the confidence needed for their
development.

Refrigerator reliability is a concern for a S-year mission. Appropriate
levels of redundancy must be considered to control performance risks.
The dewar and dewar,refrigerator interface should be designed to
minimize the impact of a failed cooler, so that one failure does not end
the mission. Although significant advances in mechanical cooler tech-
nology have occurred during the last decade, a space-compatible mechani-
cal cooler does not yet have a demonstrated lifetime over 3 years. Ab-
breviated testing tc¢ prove extended lifetime is unreliable. The most
successful mechanical cooler that is space qualified to date was devel-
oped at the Oxford University and uses the linear, split Stirling-cvcle
approach‘. This single-stage machine provides about 0.8 W cooling at a
tewperature of 80 K, depending on the compresscor temperature. In addi-
tion a two-stage version his been built more recently using the same
technology that provides about 0.3 W at 30 K®. The XRS and SAFIRE pro-
grams plan to use mechanical coolers derived from the Oxford technology.
The NICMOS program is baselining solid-state thermoelectric coolers.

These three systems are separately discussed in the following sections.
They all use pultilayer insulation and tension strap tank support sys-
‘ems similar to thosc proven by the COBE dewar and previous flight dew-
crs developed by Ball Aerospace. The vapor-cooied and actively-cooled
shields inside the dewars are supported from and cool the tank support
straps. Heat flows through all conduction and radiation paths into the
dewar are reduced by vapor cooling. State-of-the-art miniature cables
minimize the heat leak through the hundreds of wires that penetrate the
dewars for housekeeping sensors, mechanisms control and science instru-
ment readout. Emphasis in the following sections is on the overall
architecture of the hybrid approach, the trades from which it resulted,




the main issues regarding dewar/refrigerator interfacing, the nominal
performance, the improvement in cryogen lifetime provided by the re-
frigerator(s), and the impact of refrigerator failures.

Because the dewars contain complex and sensitive instruments, many as-
pects of performance must be considered with regard to refrigerator in-
terfacing and operation . These include:
Vibration control
Electromagnetic interference control
Efficiency of the thermal link
Alignment and assembly
Mechanical flexibility in the thermal link
Thermally disconnecting a failed refrigerator (on the ground
or on orbit)
N Removing a refrigerator with minimal disturbance to the dewar
d Operating in multiple gravity orientations for testing
All these aspects have been considered in the designs of the systems
discussed below.

AXAF X-RAY SFECTROMETER (XRS)

The XRS is one of the instruments to be flown aboard the AXAF scheduled
for launch in 1998. The instrument will measure incident energy over
the spectral range of 0.3 tu 10 keV with a resolution of 10 ¢V using
bolometers at a temperature of 0.1 K. The bolometers are cooled by an
adiabatic demagnetization refrigerator (ADR)’.

Table 2 summarizes the requirements which drive the XRS/CSS design. De-
tailed analyses have been performed to arrive at the current design,
which meets or exceeds all requirements.

BASELINE DESIGN

Figure 1 depicts the dewar baseline design. A 490-liter superfluid he-
lium tank provides the heat sink for the ADR. Both the ADR and the de-
tectors are part of the removable cryogernic assembly (RCA), which is
bolted to the forward end of the cryogen tank. Once installed in the
dewar, the RCA is accessible through the removable aperture assembly at
the ferward end of the dewar. Surrounding the cryogen tank are four
vapor-cooled shields (VCSs) which make effective use of the heilium vent
gas to intercept heat at various levels within the insulation system.
The cutermost VCS is also cooled by single-stage, split Stirling-cycle
mechanical refrigerators through a flexible cold finger attachment to
the aluminum shield.

There are four of these refrigerators, based on the Oxford design, which
are wounted as in-line pairs for momentunm compensation to the vacuum
shell forward girth ring. The displacer cold tips are contained in a
separate vacuum space. This allows replacement without disturbing the
dewar vacuuz and prevents condensation cf water from the dewar outer in-
sulation blanket on the cooler cold tip. The compressor pairs re
mounted on separate pallets which are shock mounted to the forw.rd girth
ring to minimize vibration transmission to the dewar and RCA. Heat is
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Table 2
IRS/CSS OPERATING REQUIREMENTS

ITEM REQUIREMENT PREDICTED
VALUE
Bath Temperature <1.5 K Orbital Operation 1.29 K
<1.9 K Ground Operation <1.6 K
Bath Temperature 0.05 K over mission duration 0.04 K
Stability worst case
Cryogen Lifetime 4.5 years with 10 percent >5 years

analysis margin

Dewar Lockup 6 days without power 9 days

Vibration at RCA <0.001 g factor of 6
margin

Power Consumption <185 W Total <184 W

Mzin Shell >243 K Operational >249 K

Temperature >233 K Hold >240 K

(limited by mechaniral coolers)

rejected from the coolers by a combination of radiation to the AXAF cold
shroud and conduction to the dewar main shell, which is also coocled by
radiation to the cold shroud.

A single cold finger provides the interface between a pair of displacers
and the outer VCS. Very thin, flexible copper strips separated by in-
diur foil spacers are used to connect a pair of displacer ccid tips to
an interface block. This arrangement provides adequate thermal conduc-
tance while preventing side loading on the cold tip from exceeding sev-
eral ounces. The outer VCS is connected to the interface block with a
copper rod. A combined therwal conductance of about 600 m%W/K 1is needed
in the flexible link and copper rod. Thin-walled fiberglass tubes
separate the displacer chamber {rom tbe dewar vacuum. Snubbers mounted
on the displacer housings limit the motion of the cold tips during
ground handling and launch.

SYSTEM TRADES

The development of mechanical refrigerators for space application has
been tracked during the XKS/CSS design development. At present, a
refrigerator that could provide the reguired 1.5 K ADR heat-sink
temperature has not been developed, mandating the use of superfluid hel-
ium. Only the split Stirling-cycle cooler based on Oxford technology is
currently considered mature enough for the XRS schedule. Still, uncer-
tainty exists regarding the operational lifetime of these coolers. This
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Fig. 1. IRS cryogenic subsystem design layout.

must be folded in.c .he risk assessment of achieving the mission life-
time goal, and choices for operating the coolers must be made
accordingly.

The current baseline uses four coolers. With all four coolers operating
the power they consume (160 W) just meets the available budget, and the
predicted helium lifetime is 6.5 years. However, because the 5-year
lifetime requirement can be met by operating only a single cooler pair,
the prudent choice is to reserve a pair c¢f coolers, thereby increasing
the probability of meeting the requirement. This is the focus of the
current trade study, identifying and possibly developing other cooler
options based on the same technology which will maximize lifetime
without introducing further risk to the science or cost to the system.
An example is the two-stage, Stirling-cycle cocler vhich is currently 1in
development for use in the SAFIRE instrument and has been investigated
as an option for the XRS. Such a cooler has the potential to nearly
doubie the helium lifetime for the XRS/CSS when used in combination with
a single-stage cooler pair. However, the power budget would preclude
the redundancy of either the single-stage or two-stage coolers. The
failure of a two-stage cooler is much more detrimental tc the helium
lifetime, and the result is an increased risk in achieving a 5-year
lifetime. The final selection as to the size and quantity of coolers
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will be based on continued risk, lifetime and cost considerationc.

System Modeling and Performance

A 24-node thermal network model of the XRS/CSS is used to predict helium
lifetime, ground hold capability and transient response to operations.
Six nodes are used to model the mechanical coolers interface with the
dewar. Cooling at the displacer cold tip is modeled as a negative heat
flow using linear interpolation tables of measured perforwance which
characterize the cooling capacity based on cold tip temperature, com-
pressor mount temperature, and input power.

The XRS/CSS relies heavily on both vapor cooling (passive) and mechani-
cal cooling (active) to wmeet the required 5-vear orbital lifetime within
both mass and envelope constraints. Vapor cooling alcne increases the
helium lifetime by a factor of 25. Another factor of 2 is provided by =a
single pair of coolers using just half the allocated power. Table 3
shows lifetimes for the baseline dewar design with the various degrees
of cooling. It is easy Lo see wow i1mportant the mechanical coolers are
to the success of the XRS mission. Therefore, evaluating the effects of
cooler failure is very critical to the dewar design and the cooler oper-
ating strategy.

The baseline dewar design uses four mechanical coolers operated in mom-
entum-compensatec pairs 1o meet vibration requirewents of the system.
Only a single pair of coolers will be operated i1nitially to attain the
highest level of redundancy in the system. The two operating coolers
remove about 1.8 W of heat from the outer VCS at a temperature of 80 K.
The non-operating cooler pair adds a parasitic heat lcad of about 0.2 W
to the outer VCS, depending on the means chosen for thermal disconnect.
The failure of any single cooler is assumed to result in the loss of a
pair because of the vibration requirement. In the event the first

Table 3
IRS/CSS LIFETIME IMPROVEMENT ACHIEVED WITH VAPOR
COOLING AND ACTIVE COOLING

DEGREE OF DEWAR COOLING HELIUM LIFETIME (YEARS)
None 0.083
Vapor coocling only 2.2

Vapor cocling plus
2 coolers at 80 W power 5.6

Vapor cooling plus
4 coolers at 160 W power 6.5




cooler pair fails, it will be switched off and the reserve pair will be
switched on. This operational strategy was chosen because it requires a
pinimum 2.5-year lifetime from each cooler pair to meet the 5-year hel-
ium lifetime requirement. Operating all four coolers from the start
would require at least a 4-year lifetime from one pair of coolers. The
nominal predicted helium lifetime is 5.1 years using the reserve cooler
operational strategy and assuming the first cooler pair fails 2 years
after launch and the reserve pair operates for another 3 years.

If all four coolers fail at launch, lifetime 1s reduced to about 2
years. However, in this event the helium reservoir temperature still
meets the temperature requirement of <1.5 K so that instrument operation
can continue. The use of an active thermal switch can reduce the heat
load to the dewar resulting from a non-operating cooler. Two types of
switches are candidates for use in connecting the mechanical coolers to
the dewar. One type involves metal-to-metal contact making use of dif-
ferential expansion between materials, and the other employs gaseous
conduction across a narrow gap. Both would require further development
work for application to the XRS/CSS. A trade study is underway to weigh
benefits and risks of incorporating active thermal switches in the
design. Preliminary therwal modeling results indicate that a thermal
svitch with a closed conductance of 500 mW‘K and a switching ratio of
1000 can increase the helium lifetime 7 percent.

The compressors operate about 20 K warmer than the vacuum shell, or

270 K on the average. Lifetime is increased by lower vacuum shell tem-
perature because parasitic heating into the dewar is decreased and by
lower mechanical cooler temperature because the coclers beccome more ef-
ficient. The combined effect results in 0.7 percent lifetime change for
each degree Kelvin temperature change. It is therefore important ¢o
operate both items as cold as possible. However, temperatures of the
two are interdependent, and the minimum temperature of the mechanical
coolers is limited by its allowable range for operation and startup.

It is necessary that the helium be in the superfluid state toc ensure
proper function of the porous plug phase sepzratcr when the vent valve
is opened on orbit. The lock-up capability is defined as the time it
takes for the superfluid helium reservoir temperature to rise to the
lambda point following the final prelaunch topoff and pumpdown. Power
1s not available to the CSS during this period, which is nominally 5
days prior to launch and 1 day following. The predicted capability is 9
days without powering the mechanical coolers. It can be extended to
about 5 months by powering one pair.

EOS SPECTROSCOPY OF THE ATMOSPHERE USING FAR INFRARED EMISSION (SAFIRE)

The SAFIRE instrument is one of a suite of instruments proposed for the
second NASA Eos polar orbiting platform. By obtaining Earth limb emis-
sion data in both the mid-infrared (6 tc 17 wm) and far-infrared (25 to
35, 62 te 125 um) spectral regicns, SAFIRE will provide infcrmation on
diurnal and temporal variations of clserved gases that is necessary for
the understanding c¢f{ i1ssues regarding middle atr spheric ozore chem-
istry. SAFIRE must cool its far-infrared detectors to 3 to 4 K, which
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is well below the 55 to 80 K required by some of the other Eos in-
struments. The SAFIRE mid-infrared module will use mechanical coolers
to cool its detectors to 80 K. The far-infrared module, called the Cold
Optics and Detectors Module (CODM), will use the hybrid cryogenic system
described in this section.

Table 4 summarizes some of the allocated system budgets. The CODM per-
formance requirements shown in Table 5 are derived from the missicn and
system requirements.

BASELINE DESIGN

Figure 2 shows the baseline design of the SAFIRE CODY¥ cryogenic sub-
system. A 124-liter cylindrical tank containing superfluid helium at
about 1.9 K provides cooling for the focal plane assembly The helium
tank is surrounded by four shields. The innermost shield is vapor
cooled, and the viher three shields are actively cooled by split
Stirling-cycle mechanical coolers as well as vapor cooled. During norm-
al operation, the use of vapor cooling on the activelyv-cooled shields
has little benefit. However, in the event of any mechanical cooler
failure, the rise in helium boiloff will make the vapor cooling benefit
significant. The outer actively-cooled shield (0OACS) and the middle
actively-cooled shield (MACS) are each cooled by a single-stage, split
Stirling-cycle mechanical cooler® while the inner actively-cooled shield
(IACS) is cooled by a two-stage, split Stirling-cycle cooler .

Table 4
SAFIRE SYSTEM REQUIREMENTS

ITEM REQUIREMERT

Instrument Envelope Double standard size payload
assembly plate on Eos platform

Mass 375 kg, current estimate
Fower 426 W, current estimate
Image Stability €3 arcsec scan mirror jitter
Total boresight errcr €19 arcsec (preliminary)
Launch Vehicle Titan 4
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SAFIRE CODM DERIVED REQUIREMENTS AND CONSTRAINTS

ITEM

REQUIREMENT

CODM envelope
Mass

Power
Lifetime

Yacuum shell temperature

Foca) plane assembly temperature
Cold optics subsystem temperature
Cold preamplifiers temperature
Focal plane assembly temperature
stability

CODM alignment (inter-module)

Component alignment within CO0S

CODM operating mode (ground)

74 cm x 74 cm x 135 cm
113 kg (current estimate)
216 W (current estimate)
25 years

>243 K (limited by mechanical
coolers)

3to 4K

<30 K

<80 K

<40 mK/nr

€0.15 on (displacement)
<10 arcsec (tilt)

€0.2 mm (displacement)
<20 arcsec (tilt)

In any orientations

The design of the mechanical cocoler interfaces tc the dewar have taken
into consideration those issues mentioned in the previous sections. All
cf the components of the split Stirling-cycle coolers are mounted to the
forward girth ring. The two compressors and two displacers of the
single-stage coolers are mounted in line to provide womentum compensa-
tion. For the two-stage mechanical cooler, only the two compressor
units are mounted 1n line. The level of vibration from the uncompen-
sated two-stage displacer can be transmitted to the dewar without vio-

lating the alignment requirements.

Heat is conducted from the dewar

shields to the displacer cold tips via a cold finger using a combination
of flexible, high-purity copper strips and a copper rod. System analy-
sis 1s currently in progress to assess the impact of using active therm-
al switches and redundant mechanical coolers.
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Fig. 2. SAFIRE cold optics and detectors module layout.

SYSTEM TRADES

Various design opt:ions were considered to optimize the cryogenic

subsyster performance. The required far-infrared detector operating B
temperature of 3 to 4 K can be provided by either using superfluid
heliur 1n a stored cryogen systen or using a closed-cycle system with
mechanicul coolers providing the pre-cooling stage for a Joule-Thomson
(J-T) expander. A base temperature of 3.5 K was demonstrated with
laboratcry components of the clesed-cycle J-T syster . However, the
superfluid helium stored cryogen system was selected as the baseline for
several reasons. The maturity of the J-T system is questionable for the
SAFIRE schedule. Ample experience was gained during the development and
flight of previous superfluid helium dewars. A 5-vear superfluid helium
dewar 1s achievable by using mechanical coclers tc extract heat from the
dewar radiation shieids. thus reducing the hcat load to the superfluid
helium. The hybrid mechanical cooler;superfluid helium system also
requires about half the power consumption of the closed-cycle J-T
system. However, the hybrid helivm system does occupy a larger volume
and weighs about 30 kg more than the J-T system. A hybrid supercritical
heliua/J-T system can alsc provide detector cooling to about 3 to 4 K.
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However, this system would be even less mass and volume efficient than
with superfluid helium.

Another trade study was made tc determine the optimum cooling configura-
tion of the dewar MACS and OACS using the single-stage mechanical cool-
ers. Two cases were ajalyzed and compared with the baseline con- .
figuration. Results show that placing both the single-stape coolers at
either the MACS or the 0ACS gives 12 to 15 percent lower helium lifetime
than the baseline design. A final trade study was perfcrmed to evaluate
the benefit of using helium vepor cooling on all of the actively-cooled
shields. During normal operation, the cooling capacities of the three
mechanical coolers overwhelm the small amount of enthalpy available from
the lox helium vent rate; therefore, only 2 percent gain in lifetime is
obtairned with the vapor cooling. However, vapor cooling the actively-
vz sled shields can reduce helium boiloff by 5 to 50 percent in the event
01 wechanical cooler failures.

>YSTEM PERFORMANCE

The dewar thermal /math model predicts a lifetime of about 7 years for
the 124-1i1ter hybrid superfluia heliuw system. Dewar vacuur shell
temperature of 300 K 2nd mechanical covlier compressors teamperature of
310 K are assumed in the analysis. The nominal operating temperatures
and couling capacities required irom the mechanical coolers are 0.3 W at
30 K fer the two-stage cocler and 0.66 W aL 77 K and 1.8 W at 145 K for
the sipgle-stage coolers. Reliable operatior of the mechanical coolers

15 critica. Lo meeting the 5-yvear mission requ’ ment. The baselined
hybrid approach provides ten times greater 1:f{ .me than a passive

stored helium approach within the mass and enve.up constraints.
p

Iigure 3 shows the sensitivity of cryogen lifetime to change~ in dewar
vacuus shell temperature and mechanical cooler compressor temperature.
Lifet:ime :ncreases by about 0.6 percent for every degree Kelvin decrease
in dewar vacuum shel! temperature and about 0.9 percent if both the vac-
vum shell and cowpressors temperature decrease by one degree Kelvan.
Note that Jeor the range of single-stage cocler input power shown in the
figure, 1ifetime changes by at most 1b percent.

Preliminary analvysis of mechanical cooler failure shows that dewar life-
time is least affected by a failure of the cooler en the 0ACS, while the
fajlurc of the twe-stage ccoler on the TACS affects dewar lifetime dra-
matically. This 1s because the amount of parasitic heat Joad to the
ruperijuld heliun is largely controlied by the temperature of the JACS.
In addition te the lifetime loss resulting from mechanical cooier fail-

ure, the increased tegperature ¢f vhe heliur reservoi-  detectors, and
cold cptics coule deprase the instruwent fun-tion A . if the heliun
gocs Lo the normil state, the porous plug phasce separiaior used for nerwe
al operation would not function. These iscues are being investigated.

One part of the sclution may be Lo provide an alternate venting system
Lo use sor extreme faliure condivions.

Analysis with Ui dewar ciorbes mL't omodtc bospows that use of an adeal
thermal switch i:.0., varo bocona.orance w00 sofinrte switching ravic)
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would reduce the broil-off rate about. 5 percent ii the DACS cooler fails,
25 percernt if the MACS ccoler fails, and 100 percent if the IACS cooler

[ EER
lailys .

The effect of mechanical coolers residual vibration on dewar performance
was evaluated assuming 2 worst case where the dewar resonant frequency
ccincides with the mecharical cooler drive frequercy of 40 Hz. Results
irdicate that the CODM carn withstand an excitation force of about 2 1b
from the mechanical coolers without exceeding the line-of-sight jitter
and displacement error requirement specifications of 20 arcsec and

0.2 mm, respectively. Measurements to be presented at Lhis conference
by the NASA Jet Propulsicn Laberatory indicate that this residual vibra-
tion level is a achievabie.

HST NEAR-INFRARED CAMERA AND MULTI-0BJECT SPECTROMETER (NICMOUS)

NICMOS is a multi-purpcse, second-generation HST instrument capable of
perforecing imaging and spectroscopy in the 1 to 3 pu wavelength region.
It is unique i tha* 1t 1s the only HST irstrument that is cryogenically
cooled and operates in the ncar infrared.

Table ¢ summarizes the science-driven performance requirewents for the
NCMUS crycgenic subsysien. Also shown are the baseline design values
fer each of the perforuznce requirements. The interface and constiraint
requiremcnts are derived frow {our sources: (1) the NICMOS instrument,
including <“he other subsystens, (2 the HST, (3) the Space Transporta-
tion System (STS), and {4) integration and testing. Table 7 summarizes
the recuiremert=s derived from the NICMOS instrument and HST. The inter-
faces and censtraints set by the STS and integration and test activities
cover the areas cf launch loads, safety, venting 1n the payicad bay and
ground operations. NICMUS must wmeet the safety requirements imposed by
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Table 6
NICKOS SCIENCE-IPR1VEN PERFORMANCE REQUIREMENTS

BASELINE
ITEM REQUIREMENT VALUE
Detector temperature <62 K 58 K
Detector temperature £200 wK short term Meets
stabil,vy +2 K over duration of mission
Cold stop temperature <180 X 130 K
Lifetime 25 years 6 years

the S3TS. including that the cryogeni~ subsvstem can be left unattended
for at least five days prier tc launch and deployment.

BASELINE DESIGN

,4

ubsystem.
The 58 K solid hz stage of 71 liters surrounds the cold optics ben h
containing the six detector arrays. The 130 K, 25-1liter annular {0,

tank uses passively-cooled domes oa each end to completely enerovJ the
N, stage. Surrounding the C0, srage are two actively-cooled shie..s.
The<e shields are each cocled by a pair of thermoclectric coolers
(TECs) . The solid-state TECs use the Peltier effect to produce cooling
usiag the 25 to 30 W ¢f power available to the cryogenic subsystewm. The
TECs are attached tc radiators located on the outboard panels of the
NiCMOS enclosure and connected to the shields viaz permanenily attached
{lexible cold fingers. They share a commen vacuum with the dewar via
low-con-juctivity titanium tubes, which minimize hcat flow between the
cold radiators and the temperature-controlled vacuum shell. The vacuum
shell mournts te the NICMOS main optical bench.

Figurc 4 shows the bascline design of the NICMOS cryogenic subsys

Figure 5 shows the arrangement of TEC ccoling. (For clarity, only one
of each pair of inner and outer TEC/radiator combinations is shown.)
The TEC-cooled shields substantially reduce the heat load on the o,
stage. Since the co\])ng capacity of the TECs increases with
tewperature, the temperatures of the TEC-cooled shields are not very
sernsitive Lo variations it pavasitic heat loads.

SYSTEM TRADES

A mechanical cocler approach can orovide the required operating tempera-

tures, but the only technology ccnsidered mature enough at this time to

choose for multi-year, cn-orbit use is the ligear, split Stirling-cycle

approach. However, to reduce the vitretion to an acceptable level would

require operating them in compers:ted pairs, requiring zoout 80 W of

power per pair. The 30 W power budg ot dois not permit this. Therefere, ’
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Table 7
NICMOS INTERFACE AND CONSTRAINT REQUIRERMENTS

TTEM - REQUIREMENT
Mass 164 kg T ‘
Input power available 30 W during operation, 25 W during hold —
Maximum vibration Cannot cause an HST pointing error >0.0007
‘arcsec
Thermal 270 21 K vacuun shell temperature

255 K HST radiative sink tewperature (operation)
232 K HST radiative sink temperature (hold)

Focal plane dissipation 1 oW during operation, zero during hold
power

the only type of reirigeratsr that meets reliability, vibration, and .
power constraints is a TEC. Unfortunately, a system using only TECs and -
radiators cannot provide the required 62 K operating teaperature. 0Or —
the other hand, a pure stored cryogen system was found tc be too heavy. '
I+ was thus determined that the only approach that could provide the

operating temperature ¥ithin mass, vibration, and power constraints is a

hybrid system using stored cryvogens with TECs and radiators.

SYSTEM MODELING AND PERFORMANCE

The NICMOS dewwnr 1ifetime 1s calculated using a 28-node thermal network
model. This model sizes the N, and CO2 tanks to yield equal cryogen
lifetimes, with total dewar mass constrained by the 164 kg budget.

The thermal ervircament viewed by the TEC radiatcers is warmer during the
operate mode than duriﬂg the hold mode. This results in warmer TEC
shield temperatures and a h:gher C0, depletion rate during the operate
mode. The N, depletion rate is nearl, independent of the TEC shield
temperatures because nearly all heat transfer paths te the N, tank (sup-
ports, plumbing, etc.)} come from the CO, tank. Table 8 shows the pre-
dicted net heat leaks, sublimation rdtes cryogen masses and on-orbit
lifetime. Timelined average shield temperatures are shown 1n Figure 5.

A modified versiorn ¢f the dewar thermal pocel was used to determine tne
Ir1etime attzinable by a dewar without the TLEC cooled shields. Holding
the overall dewar mazss budget at 164 kg, the predizted lifetime 1s oniy
3.0 years. E&imilar results were recently obtained during demonstration
testing a2t Ball ABJOSpdCE In these tests, TECs were used to cocl a
shield installed ir the annulus of a dewar cont taining Freon-14. The
dewar boil off rate increased by a factor of two when the TECs were
removed.
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Table 8
NICMOS BASELINE CRYOGENIC PERFORMANCE

OPERATE HOLD
ITEM (20% of life) (80% of life)

Primary stage heat leak 82.6 mW 81.9 oW
N, sublimation rate 29.1 g/day 28.9 g/day
Secondary stage heat leak 150 mW 110 o¥
CO, sublimination rate 21.2 g/day 15.6 g/day
Average sublimation N,: 28.9 g/day
rates CBZ: 16.7 g:day
Fully-loaded N, 63.9 kg
CTyogen mass COZ: 36.9 kg
On-orbit lifetime 6.0 vears

TECs are inherently very reliable due to their solid-state construction
an¢ the absence of moving parts. The use of redundant cooling elements
shows promise for further improving TEC reliability®. The lifetime im-
pact of a single TEC failure is lessened by using two identical TECs to
cocl each shield. Still, the pctential exists for an on-orbit failure

of one or more TECs, resulting in a shcrtened instrument lifetime.

Performance trades showed that for credible TEC failures, thermal
disconnects provided little system performance benefit. For failure of
a single TEC on either shield, the heat leak across the failed device is
about 400 tc 800 mW. The shield temperature will rise as a resuit, but
the non-linear cooiing performance of the remaining TEC limits this
tewperature rise to about 10 te 20 K. If both TECs on either shield
fai1l, the lifetime Impact 1s greater, but is softened because the TEC
radiator temperatures are relatively low compared to the dewar vacuum
shell teuperature. For a complete failure of all four TECs, thermzal
disconnects offer no performance benefit. This is because the urncooled
shields are, on average, warmer than the TEC radiators. Therefore.
leaving the failed TECs attached actually cocls the shields.

Figure 6 shows the _ifetime iwmpact of s:ingie and multiple TEC failures
as 2 function of time after laurch. The analvsis assumecd that a failed
TEC provides no cooring and that input power toe the remaining TECs is
unchanged. The failure scenaric with the least lifetime impact 1s a
failure of 2 single TEC on the cuterrost shielé. The failure of all
four TECs at launch results in a lifetime reduction of 46 percent.
While this lifetime reduction is severe, many of the science objectives
could stil! be met since detectcr temperatures will rise less than 1 K.
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CONCLUSIONS

Three hybrid cryogenic systems are being developes that combine proven
cryogen storage technologies with refrigerators tc achieve on-orbit
lifecimes over 5 years. The lifetime increase provided by use of re-
frigerators for these cystems ranges from a factor of 2 to a factor of
10. Interfacing between the dewar and refrigerators is critical and in-
volves 2 variety of issues that must be carefully considered. Most of
these issues, such as the replacement of refrigerators with minimal dis-
turbance of the dewar, vitration isolation, theraal efficiency and mech-
anical flexibility of the connection, are important to all three systems
discussed. The greatest risk in achjeving the predicted lifetimes for
these systems is premature failure cf the refrigerators. Therefore,
consideration of the mission impact frow refrigerator failures and in-
plementation ¢f reduncancy is a critical aspect of the design process.
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ABSTRACT

The fundawental study of thc regenerator performance taking account
of the void volume by means of numerical calculation is described. It
leads that the definition of the efficiency for the regenerator is very
complex due to the gas in the void volume. The approach using the
ineffectiveness at the cold end of the regenerator is proposed to
evaluate the performance of the regenerator and is discussed with the
results of numerical calculation.

INTRODUCTION

The performance of regenerative heat exchangers has been discussed
in many papers by wmeans of the regenerator efficiency.1"3 D.Daney and
R.Rad: baugh considered the effect of void volume assuming constant
pressure, constant flow-rate and incompressive gas.4 In this study, We
e 'snd the consideration to the variable opereting conditions which
skould be satisfied for understanding an actual regenerator performance
for the temperaiure range is above 20K, where the working helium gas
could be assumed as the ideal gas.

The regenerator efficiency is defined as the ratio of the actual
heat transfer rate to the wmaximum possible heat transfer rate. The
performance of a regenerater with void voluwe usually can not be defined

ilIllIlIllIlIllIlIllIlIllIlIllIlIllIlIllIlIllIlIl;IlIllIlIllIllllIllIlIllIlIlIIIIIIIIIIIIIIIIIIIIIIII



a8 an unique expression even for the ideal gas, mainly because that
mass-flow rate of working gas is not constant in the regenerator.

The total mass of gas within the void volume varies during each
half cycle, unless the heat capacity of the regenerative material is
infinite. Therefors, considering the equation of continuity for gas, the
nass-flow rate in the regenerator should not be uniform along the flow,
When the pressure is constant, the mass-flow increases with increasing
gas temperature within the void volume at the same position. As a
result, the mass-flow rate of the exhaust gas at the cold end is always
greater than that of the inlet gas at the warm end of the regenerator.
Similarly, the exhaust gas at the warm end is less than the inlet gas et
the cold end during the another halfl cycle. The fact of the variable
mass-flow rate induces difficulty of the definition of the regenerator
efficiency.

Temperature profile of the gas and the watrix in the regenerator
has been carried out by the numerical method. Effects of void volume
will be discussed by means of usual regenerator efficiency and also by
means of the efficiency taking account of cooling capacity and expander
work at the ccld end.

BASIC EQUATION
The energy equation of fluid flow is written as

d 19 T

—(pU)+-—=(mH)=-q+ —— 1
gt (PUIRax (H)=-a+ 35 o

where p is density, U is the internal energy, m is the mass-flow rate, H

is the enthalpy, A is the cross-section area end P is the gas pressure.5

Assuning an ideal gas for the working fluid and ignoring pressure drop,

we can obtein next equation from the equation (1)

-2

CVat

(PAT)+C, =2 (AT )<L (0=-ALq) (2)
Where Cp and Cv are specific heal at constant pressure and specific heat
at constant volume respectively. T is temperature, L is total length of
the regenerator and Q is total heat flow to the gas.

The neat flow Q is transferred from the matrix with temperature of
Ts through the surface with area of S as follows.

Q=hS(T¢-T) (3)




Temperature of the matrix with specific heat Cs and total volume Vs is
defined by following equation.

aT
= - —S5 \
Q=-CyVgzy (4)
Where, the axial heat conduction and radiasl temperatuse distribution of
the matrix are ignored.
We can obtain tewmperature profile of the gas and the matrix by
these equations alorg with the equation of continuity for the gas as

follows.

S1tay=Y (5)

In the case of constant pressure, the first term of the energy
equation (1) is vanished, because the internal energy of the void volume
does not change. Therefore the effect of the void volume appeared only
on the equation of continuity. As a result, mass-flow rate varies along
axiel direction of regenerator.

Numerical calculation have been done using these five equaiions by
means of finite difference. The accuracy of results is mostly depend on
numbers of dividing pitch Nx for the variable x. Nx is chosen fixed
nunber 600 because of time limitation of our computer system, although
the resuits still have numerical error of several per cent.

DEFINITION OF THE EFFICIENCIES

The performance of regenerator is discussed on the model shown in
Figure 1 in this paper. In the first half cycle, the cold gas flows into
the left cold end with enthalpy (mH)c1 and flows out from the right warm
end with enthalpy (mH)h1. The hot gas flows opposite direction during
another half cycle,

Boundary conditions of the mass-flow rate at cold end m, and the

pressure P es follows,
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Fig. 1. Enthalpy flow of regenerator

P = pm[1+posin(§i)] (6-B)
0

for the case of sinusoidal variation., Where Pm is the mean pressure, P,
is the amplitude for pressure and T is the half period of the cycle. &
corresponds to the mean value of the mass-flow rate. The pressure P
describes the pressure of the gas in the regencrator for our case where
the pressure drop 1is ignored.

In order to reduce parameters of tne equations, it is convenient to
use well Lnown three parameters as follows.

m C.1 V. pC
Ao _hé . r.p 0 ' 9=V (9
Tmbp VeCs ViCy

¢ is proportional to the value of void velume and defined by using the

density of gas at the mean temperature of hot and cold end in our case.
Following three similar type of efficienciesng, ny, n, and another

type one n, will be discussed later with results of tne calculation.

_(mH)pq=(aH) g (ao)
& in Tl (Th-Te)
(mH)pq=- () 1 (HYy o= (iH)
= = . oo C2 _ \.
Q
n = ]-*_ Q_u_t__ /8__C\_
¢ mmTOcp(1h:TZ) (8-C)
Ny= 1- Doyt
X W (8-D)




The first three formulas are defined az the usual definition of the
efficiency for the regenerator, thet is the ratio of the actual heat
transfer rate to the maximum possible heat transfer rate. Where Qout is

the thermal loss at the cold end which corresponds to the excess
enthalpy flow to the cold end in a cycle.

ny is defined by the inefficiency which 1s the ratio of Qout to the

ideal expander work Wexp at the cold end. Wexp can be evaluate by
pressure-volume integral. Therefor, n, is a sort of the cycle

efficiency.
A= 200 I'= 0.6 T;,=300K T_.=80K
me= 1 g/sec f= 1 Hz
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RESULTS AND DISCUSSION

Figure 2 shows a results of regenerator efficiencies as a function
of ¢ for the case of A=200 and T'=0.6. Solid lines show the case of the
constant pressure and dashed line shows that of the sinusoidal pressure
change with the pressure ratio of 2. Ny and Ne for the case of consiant
pressure increase with incressing void volume, which tendency has been
predicted by D.Daney and R.Radebaugh.4 On the other hand, dashed line
decrease with increasing void veolume. In any case, it is found that the
pressure change gives lower efficiency compare to the case of coustant
pressure with void volume, and that the efficiencies decrease with
increasing void voluue,

Figure 3 shows the effect of the iressure ratio with different
fixed parameters. The efficiency decrease with increasing the pressure
ratio, Changing value of the heat capacity ratio I' moves the curve of
the efficiency against pressure ratic mostly parallel. On the other
hand, the effecl of the pressurc ratio on the efficiency is decreased by
decreasing the void volume which is proportional to ¢,

There is a cross point of the etrliciency at the pressure ratio of
about 1.7 in this particular case. This means if we use the pressure
ratio below the cross point, the efficiency increases with increasing
void volume.

The effect of the flow patterns which are shown in Figure 4 are
summarized also in the figure along with the result frow Hausen's
equation which assumes constant pressure, constant mass-flow rate and no
void volume. Both results are obtained by the sinusoidal pressure change
with pressure ralio of 2. The efficiency of the trapezoidal mass-flow is
better than of the sinusoidal mass-flow.

For the actual cryocooler, the ratio of the heat loss of the
regenerator to the waximum possible cooling capacity of the cold end is
useful for analysis and design. The efficiency defined as formula 8-D
represents this ratioc. Considering Ny, 1if the pressure is constant the
expander work should be vanished, therefore the efficlency ny does not
mean anymore,

When the pressure and the mass-flow rate vary sinusoidaly in phase,

P-V diagram at the cold end iz shown in Figure 5-b. The results of the
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net heat Qout carried into the cold end by gas are shown in Figure 5-a
and also the efficiency n, is shown Figure 5-c. Although the results are
obtained on the particular conditions, the efficiency Ny 1s decreasing
with increasing void volume, which seems to agree with the experimental

results.

CONCLUSIONS

The numerical calculation for the gas and the matrix of the
regenerator has been carried out assuming the ideal gas and the constant
specific heat of the matrix, and ignoring the pressure drop, but
considering the void volunme.

The fundamental study for the regenerator performance shows thet
the definition of the regenerator efficiency is very complex due to the
effect of the void volume in the regenerator.

An approach using the lincoffectiveness at the cold end of the
regenerator is proposed, which intrcduces the efficiency n, for the
simple case and n, as a cycle efficiency for a cryocooler.

The void volume may act as the heat trunsport mcdie which induces
the regenerator loss except the condition of the very low operating
pressure ratio.

The approach mentioned in thie paper could be applied to the non
ideal gas and the actual matrix materials,

The difference of shape and the peak value of instantaneous mass-
flow rate gives a significant change of the regenerator efficiency.
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MEASUREMENT OF REGENERATOR PERFORMANCE IN A PULSE TUBE REFRIGERATOR®

Wayne Rawlins and K. D. Timmerhaus
University of Colorado
Department of Chemical Engineering
Boulder, Colorado

Ray Radebaugh
Chemical Engineering Science Division
National Institute of Standards and Technology
Boulder, Colorado

ABSTRACT

An apparatus has been ccenstructed to measure the performance of
regenerators in pulse tube refrigerators operating at pressures oscillat-
ing at frequencies between S5 and 30 Hz. The apparatus measures the
ineffectiveness of a regenerator using either the liquid nitrogen boil-off
method or the instantaneous enthalpy flow method. The latter wmetlhiud felivs
on measurements of the instantaneous mass flow rate, temperature, and
pressure at both ends of the regenerator. This method required the design
and use of devices able to measure temperature and mass flow rate at high
speeds. The ineffectiveness of a regenerator in a pulse tube refrigerator
has been evaluated using both methods.

1tNTRODUCTION

A regenerator is one of the primary components of an orifice pulse
tube refrigerator and has a major effect on refrigerator performance.
Regenerative heat exchangers have several advantages over recuperative
heat exchangers in that they are compact and siwvple to construct and have
high efficiencies and long lifetimes. An apparatus has been designed (sec
Fig. 1) and constructed to experimentally evaluate this pertormance.?! Mass

*Research sponsored by NASA/Ames Research. Contribution of NIST, not
subject to copyvright.
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flow rate in a pulse tube refrigerator is higher than that in a Stirling
refrigerator; thus, the former requires better regenerator performance.?
A single stage orifice pulse tube can achieve useful refrigeration and
reasonable efficiencies at 77 K.3:* This study examines the performance of
a regenerator with the warm end at 300 K and the cold end at 77 K,

THEORY

Regenerator performance is generally specified in terms of
regenerator effectiveness. This is defined as the dimensionless ratio of
the actual heat transfer rate in the regenerator to the maximum possible
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heat transfer rate®®, that is,

Oce - actual heat transfer rate 68
me maximum possible heat transfer rate

To determine the effectiveness of a regenerator it is more convenient to
define a regenerator ineffectiveness term given by!®

A-1-e- ____"Mg'dm. ()
max

If it is assumed that the heat capacities of the gas for the hot and cold
periods of the regenerator operation ere equal, the numerator of Eq. (2)
becomes

cims)(‘(‘jac: = me(i;a,o = Tc.l) ’ 3

vhere m is the mass flow rate of the gas in the regenerator, C; is the gas
heat capacity, T.,; is the temperature of the cold gas entering the
regenerator from the cold end, and Tﬁo is the average temperature of the
hot gas leaving the cold end of the regenerator. In terms of the specific
enthalpy of rhe gas in the regenerator, h., Eq. (3) becomes

Qr-ux_oucc = Iﬁhr(’ITh,o) - mh.'(Tc,l) . (4)

This difference is the enthalpy flow through the regenerator and is equal
to the heat load at the cold end of the refrigerator due to the regenera-
tor ineffectiveness. Therefore,
A = Dees, (5)
[

max

where Q,, represents this heat load. An energy balance for any differen-
tial section of the regenerator shows that the enthalpy flow is constant
throughout the entire length of the regenerator, as long as there are no
radiative or convective losses to the outside environment.

The heat load, or enthalpy fluw, for an oscillatory system mus. be
integrated over one full period; therefore, the ineffectiveness becomes

f.—n.h,dc
[T, dt—j:‘mch(TL) dt

(6

vhere h{Ty) is the enthalpy c¢f the warm fluid entering the regenerator,
h(T,) is the enthalpy »of the cold fluid entering the regenerator, P. and
Py, are th- durations of the cold and hot flow periods ipn the regenerator,




m and m, are the absolute values of the mass flow rates into the regenera-
tor at the cold and warm ends, and t is time. The denominator can be
simplified if the system operates at constant pressure or the gas in the
system is assumed to be ideal, because enthalpy for an ideal gas depends
only on temperature. Mass flows at each end of the regenerator for a
compressible fluid are not equal; cthus, for convenience the mass flow
measurement is referenced to the cold end of the regenerator. Equation (6)
can then be simplified to

fmhtdt (7)

A= TTR(T A (T,

where m is the total mass of gas that flows in ome half of the cycle at
the cold end of the regenerator. Substituting heat capacities into Eq. (75
results in

fIﬂCpTdC . (8)
m(C, (1) Ty-Cp (Ty) T,)

If a mean or constant value oi Co is assumed, Egq. (8) reduces to

_ fdet 9
© T mAT

where AT is defined as T, - T,. For an ideal gas, the heat capacity is
independent of temperature and pressure. The numerator of Eq. (9) can be
measured anywhere in the regenerator. It is convenient iu the apparatus
being used Lo measure it at the cold end of the regenerator.

Equations (5) and (9) suggest two different ways in which the
ineffectiveness of the regenerator can be evaluated. The numerator of
Eq. (53) can calculated if the heat load at the cold end of the regenerator
can be measured. The numerator of Eq. (9) can be determined if instanta-
neous measurements of the mass flow rate and temperature in the regenera-
tor can be made. The maximum possible heat transfer rate can be calculated
from the known boundary conditions and the measurement of the instanta-
neous mass flow rates over one cycle. In this study, for comparative
purposes, the i1neffectiveness is calculated using both relations.

DISCUSSION

The enthalpy flow in the regenerator can be measured directly with
the apparatu-. This is achieved with the wuse of laminar-flow heat
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exchangers called isothermalicers. These are placed between the cold ends
of the regenerator and pulse tube! (see Fig. 1). The isothcrmalizers are
immersed in liquid nitrogen baths which isolate the excess enthalpy fl.w
in the regenerator. This ¢thalpy flow is monitored by measuring the
increase in the boil-off rate from the liquid nitrogen bath. A water-
cooled heat exchanger at the warm end of the regenerator and the
isothermalizer regulates the entrance conditions at both ends of the
regenerator. Absolute pressure is aiso monitored at the warm ends of the
regenerator and the pulse tube.

The mass flow rate at the cold end of the regenerator is determined
experimentally by two different techniques. One method allows determina-
tion of the mass flow rate from the pressure drop across the isothermal-
izers and from the absolute pressure. The other method utilizes constant
temperature anemometry.’ This technique infers mass flow rate from the
measurement of the heat transfer from a heated wire. However, constant
temperature anemometry is sensitive to temperature changes and requires
corrections for any temperature fluctuations. Therefore, temperature is
measured close to the anemometer with a resistance thermometer.® Both the
anemometer and the resistance thermometer are constructed from & um
platinum-coated tungsten wire. The wires are supported by specially
designed probes inside the 3 mm stainless steel tubing connecting the
regenerator to the pulse tube (see Fig. 2). The anemometer has a response
time of approximately 20 us while the resistance thermomcter has a
response time of approximately 260 us. Such fast responses provide excel-
lent resolution of the mass fluw rate and temperature. These measurements,
in turn, permit evaluation of the effectiveness, number of transfer units,
pressure drops, and friction factors 1in the regenerator. Initia.
regenerator ineffectiveness values, calculated from Egs. (5) and (9), as

Uratimeten

Fig. 2. Fhotorraph of the moedified tungsten resistance probe and the
modified vacuum {.tting.




well as the uncalibrated output from the anemometers are provided in the
following section.

RESULTS

The test apparatus with helium as the working fluid was operated at
a mean pressure of 2.2 MPa. The warm end of the regenerator was cooled
with water tc 290 K and the cold end of the regenerator was cooled to
liquid nitrogen temperatures. For these operating conditions helium gas
closely follows ideal gas behavior and the assumptions leading to Eq. (9)
are wvalid. The compressor supplying the oscillating pressure in the
refrigerator has a swept volume of 25 cm® and was run at 7.0 Hz. The test
regenerator was 100 mm long and was constructed from 304 stainless steel
tubing with a diameter of 15.9 mm and a wall thickness of 0.3 mm. The heat
storage matrix in the regenerator was made from stacked disks of 304
stainless steel wire cloth woven from 0.053 mm diameter wire. The wire
cloth has 7.9 openings per millimeter. The porosity of the matrix, defined
as the matrix’s open cross sectional area divided by the regenerator cross
sectional area, is 0.63. The orifice is an adjustable metering valve and
was opened three turns.

A plot of dynamic mass flow rate as calculated from the pressure
drop across the isothermalizer and the gis temperdature at the cold end of
the regenerator is presented in Fig. 3. The total mass moved through the
cold end of the regenerator during one-half cycle was 4.8 mg. The
additional liquid nitrogen boil-off, due to the passage of gas through the
isothermalizer, was 0.827 mg/cycle. This boil-off represents an average
heat load rate of 1.1 W. With assumptions of fixed boundary temperatures
(the upper end cooled with water to 290 K and the lower end at 80 K, from
an average value of Fig. 3) and constant heat capacity, the ineffective-
ness of the regenerator was computed to be 0.032 using Eq. (9.

In Fig. 3 negative flow rates represent gas flowing out of the cold
end of the regenerator and positive flow rates represent gas flowing into
the cold end of the regencrator. The plot shows conclusively that the
temperature of the fluid flowing into the regenerator is not isothermal as
was originally assumed. Heating and cooling jumps of the gas occur shortly
after the flow reversal at the cold end when the mass flow rate is low.
These are due to the non-negligible void volume of the comnecting tubing.
The jumps are linked by relatively isothermal regions that fluctuate
approximately only *0.5 K. Multiplying the mass flow rate by the
temperature and integrating the product over a cycle allows evaluation of

the nwmnerator in F,. (Y;. The ineffectiven ss calculated thus is 0.0097,
a factor of three low: v “i.an the previous calculation. This disagreement
between values of effecti ness needs further investigation. The dynamic

enthalpy fluctuation, ca culated by multiplying the above product by the
heat capacity 1is showi in Fig. 4. The average enthalpy rate from this
plot is 0.35 W, agair “ower by a factor of three than that calculated by
the boil-off method

~

Figure 5 shews the simultancous output of the voltape from the
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anemometer and the absolute value of the wass {low rate as functions of
time. This plot reveals the fast response of the anemometer and its
capability of resolving turbulence in the 3 mm tubing following the
regenerator. A comparison of the maximum and minimum outputs for the two
different sensors shows a phase discrepancy between the flow readings. The
mirimum anemometer voltage output, representing 2zero flow, 1is not
constant. This is attributed to fluctuations in temperature at the sensor
and clearly demonstrates the need for temperature measurement for correc-
tion of the readings from the anemometer as well. Figure 6 shows the
measured absolute pressure at the warm ends of the regenerator and pulse
tube and the difference between these two pressures.

CONCLUSION

Rezl-time measurements of the important operating parameters in an
orifice pulse tube refrigerator have been achieved. Initial measurements
have yielded a value for the ineffectiveness of the regenerator during
actual trefrigerator operation. A more careful comparison of the boil-off
and instantaneous enthalpy flow methods for measuring ineffectiveness
needs to be performed. The measurements also allow evaluation of the
dynamic pressure drop and friction factor in the regenerator.
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CERAMIC COMPOSITE REGENERATOR MATERIALS
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ABSTRACT

A concept is discussed for inexpensive and durable composite materials for
regencrator applications which have spccific heats equivalent 1o, or larger than, the
recently developed Er-based alloys. These composites involve loading powders of
spin-frustrated magnetic spinels into a cesium iodide mairix. Powders are used
because a grain-size effect broadens the very large specific heat maxima of the
spinels. Additionally, the specific heat maxima of the spinels can be temperature-
shifted by doping. Thermal data on the spinels and Csl are precented. Cesium
iodide was chosen for its metallic-like thermal conductivity at low temperatures
and for its ease of fabrication.

INTRODUCTION

The volumetric specific heat of the regenerator matrix material plays a
crucial role in determining the power-temperature characteristics of regencrative
cryocoolers.! Such cryoccolers operating in the He-temperature range and using
Pb spheres in the regenerator are widely used in cryopumps, shield-cooling of
MRI magnets, ctc. However, the specific heat of Pb decreases rapidly below
about 15 K, in contrast to the specific heat of pressurized He gas. As a result,
the power-temperature curves of these cryocoolers also decrease rapidly below
this temperature.

The Gd-Rh alloys have larger specific heats than Pb below 15 K and were
introduced in 1975 as potential regencrative materials.? However, these alloys
are very expensive and difficult to fabricate. Morc recently, rcsrarchcrs in lapan
have developed Er-based alloys for regencrator applications.? These ailoys can
be fabricated into spheres® which result in improved regencrator cfficiencics
cempared to Pb spheres.® Although these Er-based alloys arc less expensive than
the Gd-Rh alloys, materials costs are still high, and brittle-fracture problems
have cen observed in regenerator operation.?
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This paper describes a new ceramic-composite approach to regenerator
materials. The volumetric specific heats of these composites may be considerably
larger than those of the Er-based zalloys in certain temperature ranges below 15
K, and materials costs are about 50 times smaller.

CERAMIC-COMPOSITE MATERIALS

The ceramic materials central to this approach have two phases; the major
phase is a chromite spinel exhibiting a high degree of spin-frustration, which
contributes to a very large specific heat. The minor phase promotes ceramic
formation, which otherwise does not occur. Inexpensive oxide powders are used
to make these materials.

Applied programs aimed at the enthalpy-stabilization of Nb,Sn ¢ and of
NbTi,” as well as fundamental physics studies of spin-frustration,® have been
based on these ceramics. Foilowing the usage in these previous programs, these
coraiilivs aie ucre designated as *‘SCI1C " and **SCID’’.

Volumectric specific heat data for the SCI1C and SCI1D ceramics are
compared in Fig. 1 tc data for the Er-based alloys, GdRh, and Pb. These
ceramics have very large specific heat maxima (~1.5 MJ m~3 K-i) at 8§ and
10.7 K, respectiveiy, which are independent of fieids up to 15 T.6

The temperatures of the specific heat maxima of these ceramics can be
shifted by doping, and an example of this is shown in Fig. 1 for a 2%-Fe doped
SCI1C ceramic (6.3 K). The dopants V, Mo, and Gd are effective in raising the
peak temperature of SC1D about 3.5 K.8
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Fig. 1. Volumetric specific heat data for the SCIC and SCID cecramics in bulk
form compared to GdRh, Pb, and two of the Er-based alioys. An
example of 2% Fe-doping in the SCIC ceramic is also shown.




Although no studies have yet been made of these ceramics as regenerator
materials, a large specific heat database exists on these ceramics under different
conditions.5—¢ Examples of some volumetric specific heat data from these carlicr
programs -re collected in Fig. 2 compared to GdRh. For the ceramics shown in
Fig. 2 the specific heat maxima range from 0.25MJ m=3 K-'at 5.9 K to
3.0MI:m *K ' at 12.3 K (truncated in Fig. 2, sample e).

Of particular importance to the composite approach, it has been found that
the specific heat maxima of these ceramics can be ‘‘broadened’ by grain size
(independent of doping). An example of this broadening is shown in Fig. 2 for a
very fine-grain powder of SC1D (sample f).

The SCIC and SCID ceramics are very hard and tough materials from
which small spheres (~ 2 X 10-* m diam) can be made by a gravel process® or
other methods.!0 Therefore, it would be possible to use a series of the ceramics
shown in Fig. 2 in a ‘‘graded’’ regenerator wherein the spatial distribution of

the spheres i1s chosen 10 match the heat capacity to the temperature distribution
across the regenerator.

However, preliminary testing of SCIC spheres in a regenerator® has shown
time-dependent phenomena. This is due to the very small thermal conductivities
of these ceramics, which limit the frequency at which the cryocooler can be
operated. Thermal conductivity dat: for the SCIC and SC1D ceramics are
shown in Fig. 3; owing to the very large specific heats of these ceramics (Fig. 1)
the thermal diffusivities are very small in the neighborhood of the specific heat
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Fig. 2. Exampies of volumetric specific I at data mecasured on ceramic samples
from previous programs compareu to data for GdRh. The sample
identifications are: a, b, and ¢ are Fe-doped sample of SCIC: d is a
Nb-doped sample of SCID; e is a high-purity SCID sample; and f is a
very fine-grain powder of SCID (140 Angstrom).




T

TN
N
N
| \s:
i, \
T— k
Y T
T o o
£ - S o
jc4 . / RS P
- -
S L s e
— ! s 7
pos , P
3 : Siels 7
- ’_ P
S
l T ~L 1 i 1 ! .—fl.
: < e e

Fig. 3. Thermal conductivity data for the SCIC and SCI1D ceramics and for Csl
(note scale break). The ceramics have very small conductivities, whereas
Cs! has a near-metallic thermal conductivity.

maxima. This hinders the ability to make use of the large specific heats of these
ceramics in the regenerator application.

The small thermal conductivities (diffusivities) of these ceramics suggest a '
composite approach, wherein the ceramic powders are dispersed into a high- ”
thermal-conductivity matrix material at about the 65 vol% level (1o insure
connectivity in the matrix material). This approach has the additional benefit
that the grain size of the powder can be used to brcaden the specific heat
maxima, as illustrated in Fig. 2 (sample f).

The matrix material should ideally have a large thermal conductivity and a
large specific heat, and small spheres of the composite should be easily
fabricated and durable. Cesium iodide appears to satisfy these requirements.
Thermal conductivity data for CsI'' are shown in Fig. 3, and one can sce that
this material has a ncar-metallic thermal conductivity at low temperatures. The
T*-boundary scattering limit shown in Fig. 3 for Csl below 4 K corresponds to a
phonon mean frec path ~ 3 x 107* m.!! In the ceramic-composite spheres
suggested here this mean free path might be shortened and lead tou seimewhat
suppressed thermal conducdivity values, but these values would still be about 10°
times larger than those of the ceramics.

Volumetric specific heat data for CsI'! below 1S K are compared in Fig. 4
with Pb. This halide ha< a relatively large specific heat — about 310 4 timec
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Fig. 4. Volumetric specific heat data for Csl compared 1o Pb.

smaller than >b on a volumetric basis. Thus the specific heat or Csl in the
composite would complement somewhat the very large specific heat of the
embedded ceramic powder.

The fabrication of composite spheres using Csl as the matrix .nacerial
should be straightforward, since Csl is ductile and can be not-pressed to
transparency at temperatures somewhat above room temperature.

DISCUSSION

A concept has been put forward here to embed powders of the SCiC and
SCID ceramics in a Csl matrix 10 form composite spheres for regenerator
applications. The positions of the specific heat maxima in these ceramics can be
adjusted by doping, and the grain size of the powders in the composite can be
used 1o broaden the maximum range. The Cs] matrix has a large thermal
conductivity, a complementary large specific heat, and is ductile enough to be
fabricated by standard ceramic techniques near room temperature.

Both the thallous and cesium halides have large thermal conductivities and
specific heats at 1ow temperatures, but Csl has the largest thermal conductivity. !
Morecover, Csl is the least expensive of these halides and is non-toxic. Cesium iodide
is also favored from a hardness viewpoint, since in general the compressibility
varies as the inverse square root of the Debye temperature'? and the cesium
handes have larger Debve temperatures (150 K) than the thallous halides
(V100 K'Y or PR (80 1.

L7
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In this paper it was assumed that thermal resistance between the ceramic
grains and the Csl matrix ir the suggested composites will be minimal.
However, there is some evidence that a Kapitza thermal resistance can occur at
the interface between dissimilar solids at temperatures as high as 15-20 K due to
acoustic-impedance mismatch.!3 Testing will be needed to deiermine if such a
mismatch exists in the composites suggested here.

Finally, enhancements in the specific heat at low temperatures have been
observed 1n metals at very small particie sizes,'* and these enhancements may
also play a role in the powders embedded in the composites discussed herc.

In conclusion, the composites suggested here as regenerator maierials may
involve low materials costs, inexpensive fabrication methods, and larger
regenerator heat capacities than are possible with either the GdRh or Er-based
alloys. Research is needed, however, on the grain-size dependence of the specific
heats of the ceramics and on the low-temperature thermal properties of the
composites.
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ABSTRACT

Stirling-cycle cryvocoolers are accurately niodeled with a one-dimensional finite-
differcnce code named GLIMPS, aud optiniced with an adjunct prograin GLOD.
which stinds for GLimps OPtimization. GLOP is new, but GLIMPS has been in
commercial use for a number of years. Both programs run on a personal computer.
The GLIMPS cycle analysis icludes realistic hieat transfer and pressure dropsin the
heat exchanger as well as a number of parasitic loss calculations such as displacer
leakage, shuttle heat transfer, cylinder-wall conduction. etc. The GLOP optimiza-
tion driver can maximize efficiency (or any other objective function) subject to au
arbitrary nunmiber of equality or mequality constraints. In practice, GLOP Las pro-
duced designs for conventional one- and twe-stage Stirling coolers and an orifice
pulse-tube cooler. Some of these desig: have been fabricated and tested.

OPTIMIZATION IN GENERAL

A stmiple quadratic function of two variables f(r.y) might generate a surface as
shewn i figure 1. In unconstrained optinnzation we seek the point (. ) for which
£ s mimmum. The function f s called the objectrve function.

In coustrauned optimzation we sull seek the munmu f but restrict the search
domain using equality constramts of the form c¢(r, 5y = 0 or mcequality constraints
of the form cir.y) > 0. For example. igure 2 shows the view from above at the
quadratic objective function f(a.y) = 2(r* = 7y + ¥*) 4 Gr. subject 1o the hnea
mequality constraint = +y > —1.

203




Figure 1: A typical surface generated by a quadratie funcnon of two variables. The
global nununoum is evident.

be
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Figure 2: Level curves for the quadratic function fio y) = 20 — oy = y7) -+ G with

the feasible region o+ y > -1 shaded. The constrained mimmuny s, evidently, not
the giobal minimun,
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can no longer visualize the problem so castly, bt the mathematical techngues for

solving the problem are readily extended.

In optimzing suirhng cryvocoolers we are faced with a objective function of many
imdependent vanables and usually several complicated constraints. The mdependent
or optonization varables are tinngs hike geometrical specifications, temperatunres,
pressare and frequeney, The objective function may be sometliung ke “eflicieney”
or “cocthicient of performanee™. both of which are & good deal more complicated
than o simple quadratic functon of the optinzation venacies. And the constrangs
iy range from sunple matters ke “frequeney equals 60 He70to nonhineas mterre
Lionsheps amony, vanables Iike “net heat Lifted equals T W70 Problene of this sort

are known m optinnzation parlkace as general nonleiear proerammuang problems.

The guestion s Does o typreal Sturling obective function look sinnlar to ihe
quadratic funcuou in ficure 1. or does 1t look more Like the pathological function
figure 37 If the latter, we are surely doomed. Fortunartely, the answer s thiat Surling
objective functions teud to look more hke figure 10 They e by no means sueple
quidrate functions, but there 1~ generaliyv only one peak to clib. The reason fo
this s that the optinnzation variables teud to cluster inosmadl subsets of tehitly con
pled vaniables with only loose couphing between subseis. For exanple. dimcnsions
for mdividual heat exchangers tend to he nghtly conpled to othier dimensions for the

sawe heat exchanger. but loosely coupied to dimensions for other heat exchangers
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or to overall system dimensions ke frequeney o prossure. The upshor of this s

that Surhing oprimizations, while not trivial, are not all that diflicult cither.
THE STIRLING MODEL

The first requirement of optmnzation 1z for a mathematical model to 1epresent
the physical systemn to be optiized -— 1 this case a Stirling cooler. The require-
wents for this model are that 1t be

1. 1’1'(‘Ci.\'(‘ and r(‘])t‘;llul)l(-
2. Reasonably fus

. Including all signiticant phenomei

The reason for the first reqauvement 1s that opfinization drivers are confiused by
nose n the objective function or constrannt caleulations. Precision hiere 1s used
the sense of ot random Huctuation when the model s evaluated for nearhy
points, rather than the sense of abzolute accuracy and fidelity to the physies. Acen-
racy and tidelity are part of the third requirement which is necessary if the optimiza-
non driver 1s to averd dutcas off inte o region of tie search domain whiere viissions

i the modell previousiy tieaght to be minor, grow to eatastrophic proportions.

I use the commercaally available GLIMPS Stirling simulation model for my op
timization work. This cholee 1s not entirely surprising since T wrote the code. but
it does seem to do o good job wmeeting the above requirements, and it has heen
i use long enough that 1ts performance on a wide range of Stirling devices s well

understood and documneinited.

The GLIMPS smulation algorithm s deseribed i detail an referanee 10 I
broad stiokes it 1s o personal-computer based Huite-difference sohition of the one
ciunensional compressible gasdynamice equations plas the regenerator matiix sohd
cnergy cquaticn. GLIMPS uses empirical fornmlatnions for friction factors and heas
transfer coethcients i the Surling Leat exchangers ax well as the expansion and
compression space. The progran derives its nane from o foose acronyim of “plobally
mpliat siinulation™ which reters toits solntion method whereby all space and tine
nodes of the computational grnid are solved stmultaveonsly in light of & thne-periodie

boundary condition. This feature allows GLINPS to avoid the error mtroduced

by the regenerator matnx slowly evolving to thernmal equilibinm: - bat neves
quite getting there == which plagues conventional time-stepping solution methods.

The GLIMPS code comprises several separatelyv-coinpiled and distinet Pascal anefs
winch may be hnked together i varions ways - o sort of hibrary of Strling - nioded

subrouties from which one may freely draw.
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The GLIMPS model also includes a postprecessing stage wherein loss mech-
anisms and features external to the Stirling working gas may be factored into the
objective function. This ability is very important in optimizations where the internal
Stirling cyvele is typically only a small part of a larger systeni. Most postprocessing,
needs are niet by calls to « library of external-loss subroutines, another Fascal umt.
Within this loss library are routines for calculating:

o Heat lcakage down cylinder walls
o Gus leakage through seals between vanous spaces
e Displacer shuttle heat transfer

e Displacer appendix gap enthalpy losses due to pressure induced pumping and
seal leakage

o Guas spring hysteresis loss
o DPumping loss in split-cycle connecting | nes

e Sccondary fluid performance for plain-tube as well as shell-and-tube heat ex-

changers
o Iw: cfficiencey for finned heat exchangers

e Dynamic force-balance analysis for free (non-kinematic) pistons and displacers

THE OPTIMIZATION DRIVER

The second requirement for optimization is a controlhng program to doive the
optimization process.  The driver T use 1s based on a sequential quadratic pro-
grammung method developed by M. J. D. Powell. The Powell method soives the
general nonlinear programming problem as a sequence of quadratic-programming
subproblems {(quadratic objective function and linear constraints). The idea s that
in o localized region about any point in the search domam, a nonlincar problem
tesembles @ quadratic program ug problem Powell shows how to use mformation
from the actual nonlinear probicin to define, and sueeessively refine, o seque nee of
appro<imate quadratic problems, the solntions of which converge to the solution of

the genesal noulinear problem.

owell leaves the cholee of quadratie programung solver unspecified. After a
review of the literature. 1 selected the dual-space method for strietly convex prob-
lems developed by Do Geidfanl md AL Iduani®. They specifically recommend use

of their method with tie Powen algorithin and veport good performance.
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GLOP

I coded the Powell method as well as the Goldfarb and Idnan quadratie pro-
grammming meihod, from scrateh m Pascal as & number of separate program umts
whichi are linked together with units from the GLIMDPS model into a complete
exccutable program. I refer to the combination of the GLIMPS model and the
optimization drivers as GLOP. which stands for GLIMPS optimization. GLOP
runs= under MS-DOS on a personal computer and can efficiently dispatch problems
comprising up to about thirty optinmzation variables, with up to about the same
nuimber of combined equality and mwequahty constraints.

GLOP 1is structured for ease of use vet Hlexibility. All the code which has to
do with the optimization driver and GLINDPS model 1s fixed i a number of pre
compiled units. The code which has to do with those aspects of the problens specitie
to the particular machine being optimized resides ina separate. relatuvely simple.
program umt known as the machine-specific unit. The machine-specific wmt 1s the
only unit the GLOP user needs to modify to customize GLOP to his particular apph-
cation. It has separate procedares i which one specifies the optimization variables,
does postprocessing (generally by calls to the parasitic-loss hbrary). calculates the
objective functious and constraints, and appends any desired output to the default
GLIMPS output listing. Pascal programming 1s required, but it s structured and
usually amounts to making relatively minor modifications to existing exanples.

Although GLOP came on-line only recently (early 1990). it hes already opti-
mizod several Surling coolers. Among these are:

e A 20 K. 200 mW, two-stage (stepped-displacer), free-displacer cooler

e A G5 IN. 1 W sphit-cyele, free-displacer cooler

o A S0 k. 300 W, split cycle. kinematic cooler

e A 25D Ik, 300 W, free-displacer, Jow-hift heat pump

A few GLOP-desigued coolers have been fabricated and tested and feedback sugpeste
they are perfornung well. Of course. vahidation and improvement of the GLIMDPS
model. cspectally e the sub 65 K reahin s an ongoing process.

Nonstandard Stirling coolers, like two-stage coolers or orifice pulse tubes, fail
outside the standard GLINPS model. However, they too can be successfully mod-
cled and optinnzed within GLODP by using constraint: 1o formulate vanious special
boundary couditions i terms of standard GLIMDPS variables. More on tine late

Ol1l.
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Cryocoolers that are more non-Stirling than pulse tubes — those having a com-
pletely alien thermodynamic cycle ~— cannot be modeled with GLOP. However,
the optimization-specific modules within GLOP don’t care whether the objective
function and constraints are Stirling -based or otherwise, and could be pressed mto
scrvice for optimizing non-Stirling coolers. All that would be required would be to
replace the GLIMPS thermodynamic model with the appropriate non-Strling coun-
terpart. The optimization-specific mmodules of GLOP are commercially available for
this purpose.

THE POWER OF CONSTRAINTS

All realistic Stirling system optimizations involve constramts. A simpic systein
might have only a few. A complex system may have dozens. To give someadea of
the nature of these constraints, what follows 1s a compendium of examples, arranged
in general categories. All of these come from actual examples formulated at one
timne or another within GLOP s machine-specific unit.

A typical constraint is written as a Pascal expression which 1s evaluated as a
function of the optimizanon variables. The evaluation may involve a long sequence
of computations (such as the GLIMPS simulation). but eventually winds up as a
real numerical value, either positive, negative or zero. The optimization driver has
the task of tweaking the optimization variables to force the constraint value ro zero.
in the case of an equality constraint. or merely non-negative. in the case of an
meqguality constraint.

ENERGY BALANCE

In most cases, the net amount of heat lifted at the cold end 1s a fixed specification
for a Strling cooler optimmzation. Accordingly. a typical equality constramnt mmght
be:

constraint = Qaceyai/ Qreguired — 1

where € purea 18 the fixed target heat hfted and Q0 18 the actual value compured
by the thermodynamic model. When the exoression on the night evaluates to zere.
the heat hfting 1= correct.
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GEOMETRICAL

The pieces of a Surling cooler must all fit togethier geometrically. For example.
the regenerator plus heat rejector length might be equal to the displacer length.
Or the regenerator frontal area might be related to some other frontal area. These
sorts of things may be formulated as an equality constraints.

SUBSYSTEMS

Eiectnie drive motors, sccondary coolant lvops. springs, cte., are all subsystems
with their own design requirements. Motors may have a relationship among speed.
mass and power output. Coolant loops may require o certain fluid mass flow rate to
aclieve required performance. Springs must provide axial and radial stiffness. yvet
not be overstressed or operate beyond their surge limit. All these sorts of things
may be formulated as constraints.

For example. a Jesign may call for a spring for which the diameter, number of
turns, cte., are independent variables. We can casily calculate the axial stiffness
Nocar anidd peak 51185 Taeya as a function of these variables. Then, by choos-
ing two mdependent variables as optimization variables and implementing the two
constraints

cquality constraint = Nocpuat/Nrjured — 1;
inequality constraint = 1 — Gycqual/ Taliowed:

we can foree the stiffness to come out to the required value (even if o, gureq itself is
a function of the optimization variables) and make sure the stress does not exceed
the allowable limit. The optimization driver does the work. and we just watch.

Pressure walls are another example of subsystems with stress constraints, Typ-
1cally we arce concerned about hoop- or thermal-stress constraints. We may satisfy
these by selecting the appropriate independent variables as mput (such as wall
thickness, length, pressure. cte.) and formulating constraints, as above, in terms of
caleulate stress ve allowed creep-rupture or fatigue stress.

DESIGNER WHIMS

We would hke the objective function to truly represent that which we are trying,
to optimize. But, often. 1t fails to do that exactly, For example, we may specify
mathematically that our goal 15 to optimize cfliciency, but regenerator cost may
grow unexpectedly and become animportant issue. Rather than taking the trouble

to formulate an objective function that encotnpasses our ultimate goal (such as
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“meximize efficiency but trade-off one efficiency point for every dollar saved in
regenerator cost™, or * just make me rich”, or “bring happiness to the world™) we
usually introduce a stop-gap constraint to subdue whatever it is that is getting out

of hand.

In this way we find ourselves putting arbitrary limitations on piston masses,
displacer lengths, regencrator volume, and so forth. All of these whims may be
casily formulated in terms of inequality constraints.

MODEL LIMITS

The GLIMPS model. being one-dimensional, and with rather coarse compu-
tational grid, cannot resolve certain phenomena. For example, it has no way of
detecting flow maldistribution in regenerators brought about by jet penetration
from tubes or poorly-designed manifolds. Nor does it adequately penalize low gas-
flow tidal amplitudes i heat exchangers (mean-flow amplitude < heat exchanger
length). Provided we can formulate constraints to quantify the things which we are
trying to avoid, GLOP will avoid them.

BOUNDARY CONDITIONS

Occasionally we run into a problem where certain of the independent input
vanables to our thermodynamic model are not independent i our optimization
problem.

Wall Temperatures

A good example of this in the GLIMPS model are heat exchanger wall tempera-
tures which are normally fixed input variables. Often the true fized temperatures are
the ultimate source and sink temperatures, not the wall temperatures. So we need
some way to adjust wall temperatures to meet our boundary conditions. As you
may have snuspected, constraints make this possible. The trick is to take wall tem-
peratures as optimization variables for the sole purpose of satisfying temperature
houndary conditions. For example, say that T,,,.., is the fixed source temperature
and T4 15 the cold-end wall temperature which we seleet as an optimization vari-
able. Also asswmne that we can caleulate in the GLIMDPS postprocessor AT, the
actual temperature difference between the ultimate source and the wall. Then the
following constraint will do the job:

cquality constraint = (T + AT)/ Toanr-r — 1;




Free-Piston Dynamaics

Another example of using constraints to overcome fixed input variables 1s 1 the
arca of free-piston or free-displacer dynamics. Some Stuling coolers forgo kinematic
linkages in favor of spring-supported components self-driven by gas forces. In such
cases, the amplitudes and phase angles of the moving parts depend on a numnber of
variables like: component masses, spring dimensions and frontal drive-arcas, which
we may take as optimization variables. We seek to adjust the optimization variables
to make amplitudes and phase angles come out right. The guiding principle is that
Newtou's equation of motion can be embedded in a pair of constraints for each free
component. By appropriately selecting optimization variables, the summation of
forces on the moving component can be adjusted 1o equal the product of mass and
acceleration, at least when all quantities are assumed to vary sinusoidally.

Pulse Tubes

An orifice pulse-tube cooler may be considered to be a Surling cooler where the
volume variation in the expansion space i1s determined. not by a piston or displacer.

tubes are fair game for the GLIMPS model, provided there is some way 1o insure
that the expausion space volume vanation is consistent with the volumetric flow
through the orifice. Again, constraints make this possible. The trick is to take
the expansion space volume amplitude and phase angle as optinnzation variables.
Then one can calculate the difference between the volumetric flow rate at the actual
expansion space endpoint. and that through the orifice as calculated from its velocity
vs pressure-drop relationslup. Expressing the amplitude and phase of the difference
as two equality constraints allows GLOP to force the difference to zero.

Two-Stage Coolers

It 1s even possible to use constraints to match up boundary conditions for the
first and second stage of a two-stage cooler. Normally GLINPS models just a sin-
gle compression and expansion space. A two-stage cooler. typically realized by a
stepped displacer. has an mtermediate expansion space at an intermediate temper-
ature. This sort of deviee may be modeled by running successive GLIMPS simula-
tions where the intermediate expansion space is the expansion space of the first-stage
model and the compression space of the second-stage model. This reguires matching
of mterstage gas temperatures, pressure and mass How rate amplitudes and phases,
and overall energy balance. Without going imto the cinbersome details, equality
constraints mitke 1t possible.
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OFF-DESIGN MAPPING

After a design point is optimized, one often wants to investigate off design per-
formance — at off-design frequency. temperature. etc. This is a separate use of
GLOP compared to pure optimization. Satisfying constraints remains important,
but the objective function is a dummy and has no effect on the outcome. Usualiy
many of the constraints that were in place during the optimization process continue
to hold — free-piston constraints and temperature boundary conditions, for exam-
ple. Sometimes. however, the constraints are different. For a hermetically sealed
system, the mean gas pressure may vary as a function of source or sink temperature.
The condition that total system mass be constant governs the mean pressure in this
case. In cither case. equality constraints make 1t happen.

TYPICAL OBJECTIVE FUNCTIONS

Like the constraints. the objective function winds up in the GLOP machine
specific unit as a Pascal expression. Evaluating this objective function typically
requires the full resources of the GLIMDPS simulation plus postprocessing, but even-
tually returns as a real numerical value. The optimizatic:  Iniver continually adjusts
the optimization variables in order to minimize the objective function subject to
the active constraints. That 1t mintmizes, rather than mazimizes. the objective
function is no restriction since a minus sign converts a maximization problem to a
minimization problem.

A tyjncal objective function might be:
minmmize = Wi/ Waem:

where Winpy s the net mechanical work iuput after parasitics and Wi, 1s the
fixed rough expected value which serves to normalize the result to the order one.
Important for this particular objective function would be that net heat input be
fixed by way of an equality constraint.

An objective function may get as complicated as required. The only restrictions
arc that it be computable. reasonably smootli and have o minimum value (subject
to the constraints). For example, an objective might be to minimze manufacturing
cost, or size, or a combination of the two. However, 1 hiave found it good pracuce
to keep the objective simple, and resolve cost, and - ize 1ssues by way of inequality
constraints.




TYPICAL OPTIMIZATION VARIABLES

Any input variable to the GLIMPS/postprocessor model 1s fair game as an
optimization variable. Typical optimization variables include:

o Ovcrall system variables such as temperatures, pressure and frequency
e Piston and displacer amplitudes and phase angles

¢ Cyvlinder frontal areas

¢ Hcat exchanger dimensions

¢ Dimeusions for secondary heat exchangers. drive motors, springs and other
subsystems

The choice is dictated by what it 1s you are optimizing and the constraints vou must
satisfy. GLOP gives you complete freedom to choose. Generally speaking. every
active constraint requires at least one optimization variable upon which 1t depends.
and reduces the degrees of freedom in the scarch domain by one.

WORKING WITH GLOP

Provided that the problem you specify has a solution. GLOP will usually find
it. Typical problems generally require about an hour or two of computing on a
386-based PC. GLOP generally moves to satisfy all the constraints very quickly.
then plugs away at minimizing the objective function. rapidly at first, then more
slowly as it approaches the optimun.

But still, eptimization remains a bit of an art m spite of all the science. That is.
optimization problems as specified by humans tend to produce results not expected.
The problems are especially acute when several complicated nonlinear constraints
come to bear at once. It 1s entirely possible for an objective function having a
unique minnmum in the absence of constraints. to have multiple extrema i the
presence of nonlinear constraints. Noulinear constraints can carve up the search
domain to oddly shaped fragments or disjoint pieces. The art of optimization
comes 1n grapplhng with the interrelationships among constraints and the objective
function when things are not going well.

The best way I've found to deal with complex problems is to start simple and

merease complexity gradually.  For example, rather than invoking a large set of
constraimts all at once. 1t 15 better to leave many of them out at first, adding them a
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few at a time in stages. In this way one can get a feel for the effect each constraim
has on the outcome and be sure that the GLOP solution is meaningul.

However. be it art or science. GLOP is a powerful tool. It is not trivial to usc.
but neitheris it too difficult. It demands some programming of the user, but returns
infinite flexibility as the reward. GLOP optimizations tend to be self documenting,
structurcd and maintainable, helping the designer evolve ever closer to the ideal
where the optimization model is an accurate reflection of the total system being
optimized.
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DEVELOPMENT OF STIRLING CYCLE COOLER AND
INTEGRATION OF THIS COOLER INTO A
BIOLOGICAL STORAGE FREEZER

Russell C. Tipton
Forma Scientific, Inc.
Marietta, Ohio 45750

ABSTRACT

In both research and diagnostic laboratory applications, low temperature
refrigeration of living biological ssstems and biomaterials is required to produce
s:uix?ucmr_v preservations. A Stirling cyvele cooler has been developed as the cooling
source for such a biological storage freezer that will operate at 103 K. "The heat
exchange and control systems to mcorporate this heat pump into a unitary applianee
style storage freeser have also beci developed. The primary design challenges
include: achieving the required performance, life, manufacturability, and cost for
the cooler; providing a control and power conditioning system to utilize nominal 220
V single phase alternating current {)()wcr worldwide; and establishing heat exchange
systems o uniformly ccol a 0.23 m* rectangalar air space and dump the heat 1o
ambient air in a laboratory setting, Key attributes implied by the product being an
appliunce are: continuous operation with only minimal routine unskiiled
maintenance for a minimum 5 vears, aesthetically pleasing with noise and vibration
levels suitable for an occupied laboratory, and minimal initial setup. “The unique
aspect of this work ix that it is & commercialization of Stirling cycle techielogy
bringing it out of the luboratory or highly specialized applicution.

INTRODUCTION

A storage freezer, figure 1, has been developed to operate at a temperature of
103 K. This product consists of three major assemblies: the heat pump to provide
the cooling source; the cabinet and heat exchange systems to creite a useable
storage space cooled by the heat pump: and tize electricai system to provide power
conditoning, throttling of capacity, and monitoring of operation. This paper will
begin by providing the overall product specifications and then address each
subsystem in the order listed.

Biomedical luboratories, both research and diagnostic, utilize low temperature
storage of raw materials and test products 1o provide long term preservation.
Storage freezers used for this application need to have the attributes of an
appliance:
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1. Unitary in nature. Installation consists of uncrating. positioning, plugging in
to adequate power source, and turning on the power switch.

[N

Operate using commonly available electricity as the power source.

3. Operate continuously for & minimum of five years with only routine unskilled
maintenance required.

4. Aesthetically pleasing appearance with noise and vibration levels suitable for
an occupied laboratory.

PRODUCT SPECIFICATIONS

Figure 1 shows a prototype of the completed storage freezer. A Stirling cycle
heat pump is used as the cooling source for this storage ireezer. Tuble 1 shows the
specifications for both the storage freezer and the heat pump.

THE HEAT PUMP FEATURES

The Stirling cycle has proven itself in the desired temperature range with
laboratory size nitrogen liquefiers, However, these Stirling cycle coolers full short in
operating life and exceed cost levels to allow the target storage freezer selling price.

Figure 2 shows a completed heat pump developed for this apphication. Figure
3 is a cross-section of this heat pump. Itis a form of the Beale free-piston' iniegral
Stirling machine with other associated developments to provide solutions to the
noted shortcomings in existing Stirling cycle equipment. Details of the design will
be described in the following paragraphs.

The expansion and compression spaces are at opposite ends of the displacer.
The heat acceptor, regenerator, and heat rejector are in a cylindrical shell
configuration about the displacer. The displacer gas spring 1s centrally mounted on
the warm end of the displacer. The fixed end of this spring 1s attached to the
machine housing. The compression space is between the piston and displacer. The
linear motor driving the piston consists of inner and outer laminations, coil, and
magnels and is arranged peripherally around the piston. The piston spin motor is
located centrally to the piston. The piston gas spring boundaries are tormed by the
piston and the outer laminations and supports. The most suitable working flutd for
this application is helium.

Limits preventing the indicated life include: contamination of heat transfer
surfaces by o1l in oil-lubricated crvocoolers, leaks of helium working fluid, and
mechanical wear of bearing and sealing surfaces. Free-piston configuration with gas
springs®, clearance seals, and hydrodynamic spin bearings on piston and displacer
are used. These provide non-contact operation to eliminate wear other than that
occurring during star'.ing and providc lubrication without oil to minimize fouling
problems. Center norts” are used to locate the center of motion of the piston and
displacer. In additiorn, the permanent magnet, high efficiency, linear motor*~ driving
the piston allows hermetic sealing of the heat pump to provide adequate
containment of the helium. The displacer is spun by turbine fins" at the warm end
configured such that the helium flow into the compression space when the displacer
is at the bottom of 1ts stroke will flow past the blades imparting a spinning torque.
The piston does not have the helium flow characteristics of the displacer to allow
spin turbines. The piston is spun by an electric motor of drag cup rotor design. This
has the required characteristics of low rotor mass and non-contact operation.
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STORAGE FREEZER

CONFIGURATION
OPERATING TEMPERATURE
STORAGE CAPACITY
REFRIGERATION

POWER SUPPLY
DESIGN LIFE

AMBIENT CONDITIONS
OPERATING

STORAGE
SHIPMENT

SOUND PRESSURE LEVEL
VIBRATION LEVEL
PRESSURE

GENERAL DESCRIPTION

WORKING FLUID
TOTAL HEAT LIFTED

DESIGN LIFE
POWER SOURCE

COLFFICIENT OF
PERFORMANCE

Chest

103K

0.226 m?

Closed cycle, working fluid to
be non-flammable and non-
explosive at room temperature
and atmospheric pressure

180 to 250 V 50 or 60 Hz single
phase, 20 A service

S Years continuous operation

288 to 305 K

10 to 95¢¢ relative humidity (rh)
24310 323K

10 to 95¢¢ rh

Same ambient as storage; unit must
withstand shipment by common
carrier.

Maximum NC-55 at 0.9 m from
freezer

2.5 E-03 m/s in storage

Working pressure of any vessel
in system to be less than
35E+03 kPa

HEAT ! UMP

Long life Stirling cycle

machine to provide constant
temperature in a storage freezer.
Unit to include mounting interface
for both heater and cooler heat
exchangers. Unit to be closed
cvcle and hermetically scaled.
Non-flammable, nonexplosive at
normal room temperatures.

200 W from 100 K to 318 K

150 W from 90 K to 315 K

S vears

180 t0 250 V, 50 or 60 Hg, single
phase

30%¢ of Carnot or greater

Table 1. Product Specifications
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Figure 2. Free~-Piston Stirling Cycle ieat Punp
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Although highly inefficient, the starting torque can be supplied with high power
input and then the power cut back to provide the very small running torque required
and prevent overheating of the driver.

Stirling cycles are inherently quiet. but free-piston machines produce linear
vibration forces. A tuned spring and mass vibration absorber is incorporated to
minimize heat pump vibration that will be transmitted to the storage treezer. .

The cost goals are achieved by a combination of manufacturing engineering
and optimization and recent materials and processing developments. In general, the
individual parts of a Stirling cycle heat pump can be made with standard
manufacturing techniques. However, the purpose and requirements of the parts and
assemblies are not commonplace. This requires unique combinations of
manufacturing procedures with close scrutiny of the assumptions involved with each.
Although the machine has two moving parts, there are a large number of pieces
forming subassemblies. Over 3500 individual laminations are used in the linear
motor. Subassemblics were defined to utilize known economical manufacturing
capabilities and provide ease of assembly. For example. the rejector 1s made of
stock pipe, tubing, and plate that is machined. assembled and vacuum brazed.
Geometry of machined parts is sclected to allow ease of fabrication. Tolerances are
established to provide correct operation, interchangeable parts, and balance over-
precision against final machining of assemblies. The primury material development
1s the Neodymium-Iron-Boron magnets of 2.07 E+ 05 kJ/m?* peak energy density
used in the linear motor. Another important development is in the adhesives,
primarily epoxies, and sealants. The main use of adhesives is to assembie the B4
multitude of pieces in the linear motor. The primary processing development is in
CNC machining. Most of the parts in the heat pump are machined. Clearance seals
and hvdrodynamic bearings require close tolerance machining. In concept, the frec-
piston Stirling cycle heat pump is a pressure vessel with two moving parts enclosed.
However, to provide gas springs, reterence spaces for centering ports, and
compression and expansion spaces, volumes of helium must be separated from each
other. Thus, the pressure vessel requires relatively high tolerance interfaces with
the internal components. CNC machining provides this cost effectively, also.

INTEGRATION OF THE HEAT PUMP AND STORAGE FREEZER
MECHANICAL

A characteristic of Stirling cvcle machines s that the heat acceptor and
rejector tend to be small eylindrical structures of relatively high heat flux and in
close proximity to one another. As opposed to a vapor compression refrigeration
system with compressor, conoenser, expansion device, and evaporator all connected
with tu g, a Stirling cycle heat pump is a compact machine enclosed in one
grcssurc vessel. The evaporator 1s replaced by the heat acceptor and the condenser

v the heat rejector. The fluid at both the low temperature heat source and high
temperature heat sink in a storage freezer is air with its notorious heat transfer
shortcomings. The temperature differentials between the source and sink should be
minimized for most efficient operation. Phase change secondary heat transfer
loops” were included which can provide near isothermal high heat fluxes. Both of
these have a reflux evaporator and condenscer which are adaptations of heat pipe
theory but rely on gres “ty to move the hiquid.

The working flud selected for the cold end is argon. This temperature 15 well
within its liquid-vapor dome with a saturation pressure approximately 450 kPa.




Argon is non-flammable and otherwise non-reactive and is readily available. Its
transport properties are not outstanding, but are acceptable. Design temperature
differences are 10 K from air to argon and 3 K from argon to helium. Finned tubes,
technology borrowed from HVAC industry, are arranged on the top of both the
front and rear walls of the storage chamber to set up two natural convection loops as
shown in figure 4. Air flow passages are built into tﬁe inventory system Supports.
Fin density increases from top to bottom so that the heat load?or each tube 15
approximately the same and to allow space for frost build up on the upper fins. The
tubes are sloped to provide gravity distribution of the liquid argon and sized so that
the vapor/liquid counterflow stays in the laminar region as prescribed in heat pipe
theory. The temperature drop of a falling film condenser for the argon was three
times that desired. Augmented condensing surface as prescribed by Adamak® was
sized to achieve the desired temperature difference. Although optimized Adamak
fins can require 1/15th the temperature drop of a falling film, manufacture of this is
exceedingly difficult. The fins used are a compromise to allow machining L
practicality and desired performance. The liquid argon must be distributed to the B
multiple tubes in appropriate proportions. Typical liquid distributors rely on a
pressure differential and do not have the vapor returning above the liquid in the
same tube. Other than very small elevation chinges, the argon system is isobaric.
The liquid argon distributor used is a small pool with evaporator lead tubes
proportionaily distributed around the spillway of the pool.

The working fluid selected for the heat rejection system is HCFC-22. This
also is nonflummable and otherwise nonreactive, has a reasonable saturation
pressure at the temperatures of interest, and has good transport properties.
Arrangement of the heat rejection system is shown in figure 5. A workable
configuration to achieve the required helium and HCFC-22 surface areas is the shell
and tube arrangement. Tubes are vertical and arranged in a cylindrical shell around
the bottom of the displacer. Helium flows through the inside of the tubes and
HCFC-22 liquid surrounds the tubes. The heat flux is between evaporation and
pool boiling. The vapor exits from the top of this heat exchanger and flows up to a
vertical tube |-late fin heat exchanger. Here the vapor flows up the center of the
tubes and condenses on the internal tube surface forming a falling film condenser.
This liquid is collected and flows through tubes to enter the bottom of the sheii end
tube rejector. A blower pulls ambient air across the HCFC-22 condenser.
Components are sized such that there is a 5 K temperature diffcrence between the
helium and HCFC-22 liquid and a 15 K difference between the HCFC-22 and the
air.

ELECTRICAL

A power conditioning system was incorporated into the design for the
following reasons. The available electrical power will have a wide range of voltage
and two frequencies. However, the performance of the free-piston machine is tuned
to a discrete frequency and the unear motor stroke is very dependent on the input
voltage. Figure 6 shows the extent of electronic hardware required to allow the
specitied variability in the power source.

When the balances between size, cost, efficiency, and manufacturability were
considered, 45 Hz was determined to be the best operating frequency for this
machine Performunce of free-piston machines is tuned to one operating frequency.
Stroke of piston and displacer in free-piston machines is not physically determined
and varies with operating temperature and input power (voltage for a given motor).
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Fortunately, the linear motor does not require a sine wave voltage but can operate
quite efficiently with a square wave input voltage. Modern power electronics can
rectify the incoming power and generate a constant frequency square wave output
cost effectively. As this system is microprocessor driven, pulse width modulation
was added for the cost of the software and a current sensor. This provides
compensation for input voltage fluctuation as well as power modulation for both
start up from room temperature and throttling of the heat pump for temperature
control.

The drag cup rotor motor used to spin the piston requires two phase power at
32 Hz. This is generated in the same fashion as the linear motor power with an
additional phase. Input voltage insensitivity is needed here also. Input to this motor
1s power not necessary for the thermodynamic cycle, but to provide the piston spin
creating 4 hydrodynamic bearing. Starting torque of the piston is larger than
spinning torque. Thus, throttling this motor after startup will provide the required
spin and minimize heat added to the driver end of the heat pump.

With a microprocessor available, intelligent monitoring of the performance of
the storage freezer is available for the cost of the sensors and signal conditioning.
Temperature of the coid end is monitored and used to set input power limits during
startup and to troubleshoot freezer operation. The temperature of the storage
cabinet is monitored and used to set input power to the heat pump in normal
operation. The temperature of the vapor HCFC-22 leaving the rejector is
monitored and used to set condenser (lzm speed and to troubleshoot freezer
operation. Helium pressure is monitored to detect helium leaks. Current to both
the linear motor and spin motor is monitored to control power level with the pulse
width modulation routines. Linear motor current is alse used in troubleshooting the
freezer operation. With a troubleshooting procedure, the items discussed can
isolate problems to specific areas of the freezer without disassembly. Unfortunately,
by the time heat pump performance degrades to the point to be noticed in the data
taken above, the moving components ()%the heat pump will be destroyed. Infrared
optical sensors to detect spinning of both the piston and displacer have been
included to detect heat pump problems before irreparable damage can occur.

STATUS
This k)r()jccl has followed the normal fushion of predicting the number and _
level of technical risks and then proceeding to resolve issues as they arise. The !

cabinetry, heat exchange systems, controls, and power conditioning have the least
risk and have proceeded in a straight-forward manner.

The heat pump has the highest risks to success. The design to achieve the
required performance has been comnleted and demonstrated. Several areas
relating to manufacturability and life are being addressed presently. The input
power limit to prevent demagnetization in this application must be determined
cxperimentally. Prior to charging the heat putnp with helium. internal moisture
levels must be reduced to a very low level for eryogenic tempersitures. This free-
piston Stirling machine requires individual volumes separated by orifices or
clearance seals. Thus, practical evacuation is difficult. Procedures combining
vacuum baking of subussemblies, evacuation, and purging are being developed.

Two aspects relating to the precision parts for clearance seals and spin
bearings are receiving fucther attention. Achieving and maintaining concentric fits
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for the displacer and ensuring dimensional stability of these parts is critical to
preventing wear and performance degradation.

SUMMARY

The deveiopment of a Stirling cycle cooler and its integration into a biological
storage freezer have been discussed. Developments during the last several decades
in Stirling cycle configurations and analysis, power electronics and microprocessor
based control systems, materials, machining, and manufacturing processes have

allowed this.
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CONSIDERATIONS IN USING JOULE-THOMSON COOLERS

Glenn €. Bonney and Ralph C. Longsworth
Science Center, AFD Cryogenics Inc.
1833 Vultee Street / Allentown, Pennsylvania 18103

ABSTRACI

Much has been learned from experience about considerations that are
important in the design and use of JT cooling systems. This paper
presents a discussion of some of the parameters that are important in
system design and operation such as the effect of contaminants in the
gas, heat transfer AT between the liquid cryogen and the dewar wall,
dewar therma) effects, temperature stability with demand flow and fixed
flow control, and the use of selected gas mixtures. Practical aspects
of using J1 coolers tocus on the gas supply system and operative
procedures that are needed to avoid having contaminants freeze out and
also provide long-term reliability.

INTRODUCTION

Joule-Thomson coolers (a.k.a. JT cryostats) previde a fast-acting source
of refrigeration by expanding a compressed gas isenthalpically to
achieve temperatures in the range of the gas's saturation pressure.

They ideally lend themselves to miniaturization for lightweight,
portable applications. They reguire little maintenance, and have a very
long shelf life. Cryostats can be designed with a fixed high flow rate
for fast cooldown followed by a short run, or with demand flow control
for moderately fast cooldown and extended run time.® They are
essentially vibration and noise free. Most JT cryostats can operate in
any orientation, and in very severe thermal and G-load environments.

The JT cryostat typically comprises an inlet gas connection, a
particle filter, a counterflow heat exchanger, and a nozzle. It may
also include an exhaust gas connection. Strictly speaking, the term
"cryostat” means these items are assembled and mounted in a dewar. The
dewar typically comprises a vacuum-insulated container, having an inner
containment for the counterflow heat exchanger and exhaust gas, and a
"cold end" mounting for the device to be cooled.

JT cryostats can be applied as open- or closed-cycle
refrigerators. Either one requires a supply of pure, high-pressure




gas. The open-cycle gas is supplied either from a small high-pressure
bottle for portability, or continuously from a compressor. Conversely,
the closed-cycle gas is recycled from an initial stored quantity. The
exhaust gas is directly collected, compressed to high pressure and
resupplied to the JT cryostat.? A multi-stage compressor is

required for the closed-cycle system. This adds bulk, requires
relatively high input power and cooling, reduces reliability, and
inhibits fast cooldown. Consequently, most JT cryostats are applied as
open-cycle coolers.

Having a JT cryostat cool a device such as an IR detector in a
satisfactory manner requires an understanding of scme of the problems
that can be encountered and the design and operating procedures that
have to be considered to aveid such problems . This paper discusses the
f21lowing factors that have been found to be the most significant:

Gas purity

Gas supply system

Handling

Temperature stability

Heat transfer of liquid cryogen
Dewar effects.

In addition, a brief description is presented on the general
characteristics of using a gas mixture.

Gas Purity

The gas type, supply pressure, ambient temperature, volume, and JT
cryostat design determine what operating conditions will result. Most
constituents in the gas that have freezing points warmer than the
saturation temperature, or particulates which could physically restrict
gas flow, are contaminants that can prevent successful operation.?
Particulates can permanently restrict flow if they become lodged in the
heat exchanger inlet passage or nozzle. Condensible contaminants that
crystallize in the upper temperature region of the heat exchanger inlet
pascage are usvally carried downstream where they collect and restrict
the nozzle. For a given concentration of condensible contaminant, the
"dew"” point temperature increases with increasing pressure, thus
freezing sooner at higher operating pressures and lower ambient
temperatures.

The susceptibility of a JT cryostat to clogging is dependent on the
nozzle size and flow rate. We define the nozzle size by the parameter
Co which is the flow rate of nitrogen (Np) in sL/min that is
measured when the supply pressure is 7 MPa exhausting to 0.1 MPa with
both the JT cryostat and gas at 20-24 C. It has been found that an
orifice smaller than 0.07 mm or a flow rating, C,, less than 0.5
st/min will require a higher gas purity than is practical to achieve.
Clogging of a fixed nozzle occurs either abruptly during cooldown, or
cyclically during operation in which the flow declines like a damped




oscillation. Several methods have been tried to impede clogging of
fixed flow JT cryostats by trapping the solid or frozen contaminants in
the cold end of the heat exchanger with large flow area labyrinths*

or thread filters.s

Demand flow JT cryostats dre more tolerant to contaminants because
their temperature-sensitive flow control nozzle will increase flow in
response to the warming caused by clogging, thereby purging
contaminants. We have found that the minimum acceptable purity for No
entering a nominal 200 mW demand flow JT cryostat must be at least
99.998% (as teotal assay), and the maximum acceptable levels for the
common contaminants in N, are found to be: 2 parts per million by
volume (ppmv) water vapor (Hp0), which is equivalent to a dew point of
-11 C at 0.1 MPa; 2 ppmv carbon dioxide (COp) or carbon monoxide (C0);
3 ppmv total hydrocarbons (THC); 3 ppmv chlorofluorocarbons (CFC); ard,
6 um maximum diameter particies. Typically, air, oxygen (Cp), argon
(Ar), helium (He), and neon (Ne) do not affect performance at low
concentrations. It 3is found that by doubling the cryostat's nominal
cold flow rate, and thereby halving the available run time from a fixed
gas volume, operation is acceptable with 4 ppmv Ho0. As the level of
H>0 is further increased, the frequency of temperature excursions also
increases.

There are no general industrial, military, or federal purity
specifications for J7 gases at present. A few specilic military and
commercial JT cooler specifications coincide with the minimum acceptable
levels described. Mi1-P-27401, Grade ( No is sometimes specified, but
its purity does not meet the acceptable levels described. Industrial
gas suppliers present purity in a variety of ways.® Most of them
use grade names and total purity assay. “Commercia) purity¥, > 99.995%,
contains up to 10 ppm Hp0. ™Ultra-pure carrier"” grade, > 99.998%, or
"ultra-high purity", > 99.999%, typically contain < 2 ppm Hp0.

However, grade names and purities vary among suppliers and gases, and
the total purity may be based on a weight analysis which may appear
purer than a volume analysis (ppmv = ppmw x MW gas / MW impurity).
Also, the total purity assay may not include all the impurities
pertinent to the application. Some industrial gas suppliers will
provide an actual impurity analysis. Unfortunately, the analysis may
not detect the low levels required, and it may not be for the gas as it
exists in the actual vessel being supplied. Furthermore, impurities
will outgas from the vessel's internal surfaces as the supply pressure
decreases during use, changing the purity ratios. From a practical
stand point it has been found that al) of these gases can be used
satisfactorily if a clean adsorber is used in the gas supply line.
Higher purity gases reduce the frequency of having to regenerate the
adsorber.

Gas Supply System

It is essential that al) contaminants in the gas supply system be
either eliminated or reduced to acceptable levels. The gas supply




system typically consists of the gas source, a pressure regulator,
adsorbers with filters, and an interconnecting line to a small gas
bottle, a start valve, and another gas line to the cryostat (See Figure
1). The gas source is typically a pressurized tank purchased from a gas
supplier, but it may be compressed locally from a low pressure gas
source, ambient air, or a liquid cryogen, and purified. For gas
cocmpression, non-oil-lubricated compressors are recommended to minimize
hydrocarbon contamination.

The gas supply system design should consider the following:

(1) Safety: Capable of operating safely with the intended gas and
pressure. Consideration must be given to the maximum working
pressure at the high temperature ambient, the number of filling/
venting cycles, applicable transportation codes, burst
fragmentation, and fire safety (Ref.: ASME Sec. VIII, Div. 1;
ANS] B31.5; DOV Hazardous Materials Regulations; Mi1-STD-454;
Mi1-ST0-1522) .

(2) Leak Tightness: For short-term applications, a soap solution
leak check is acceptable with the system pressurized with the
process gas at the working pressure @ 21 C. For long-term
applications, a He mass spectrometer should be used with the
system pressurized with He to the maximum working pressure.
Thermal cycling beforehand at high- and low-temperature
ambients is recommended.

(3) Permeation: Minimize permeation by using corrosion resistant
metals and metal sealed joints.
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(4) Cleanliness: Cleaned for cxygen use is preferred.

(5) Simplicity: Minimize the number of joints, connections, dead
flow volume, and internal surface area.

(6) Outgassing: Use low vapor pressure materials, such as metals,
and purge the system prior to use. A typical outgassing rate
of 1 x 1072 torr L sec™} em™2 at ) L/min flow represents
a ! ppm level of impurity.’?

The choice material for interconnecting plumbing in most
applications is austenitic stainless steel (AISI 300 series) for
<trength, corrosion resistance, and non-magnetism. tasy machining type
303 has poor welding characteristics to other stainless steels. Types
321, 316L, and 304L are better choices for welded joints because they
will have minimal grain boundary chromium carbide precipitaticn during
welding, and therefor better resistance to corrosion and cracking.
Passivation and electropolishing are preferrable post-weld treatments
because they enhance corrosion resistance, and remove micron-sized
particles and crevices.

Copper and copper alloys outgas more than stainless steel and have
been found to promote contamination abruptly after long-term use.
Copper (Cu) oxidizes readily and continually in air. After the
corresion penetrates teo the internal surface, H;0 permeates directly
into the process gas. The plumbing must then be replaced. Ffor these
same reasons, a JT cryostat should be stored in a dry, inert environment
to reduce corrosion of any copper in the heat exchanger.

Polymeric and elastomeric materials (i.e. plastics, Teflon, Nylon,
silicone, nitriles, rubber, etc.) should also be avoided in JT gas
systems. They are hygroscopic, and have high permeation and outgassing
rates. They are fundamentally a source of hydrocarbon and
chlorofluorocarbon contaminants. It is important to understand the
properties of sucii materials which may exist in valves or pressure
regulators.

Seamless tubing is preferred for interconnecting piping, althuugh
welded and drawn tubing is acceptable. A1l tubing, vaives, gauges, and
requlators should be leaktight and clean. Cleaning should consist of
purging, scrubbing, vapor degreasing, or ultrasonic ¢.vaning with
solvents such as ethanol (denatured) or methanol, foiiv.=1 Iy Freon (TF
or TMC) or 1,1,1 trichioroethane, followed by a pure Ny purge at < 7
MPa. Vacuum baking afterward is beneficial.

A1l joints and connections in the plumbing should be inert-gas
welded (e.g. TIG), fluxless brazed (e.g. vacuum), or dry metal sealed
(e.g. Swagelok fittings, metal o-rings, MS or AN tittings, indium
gaskets, etc.). Tapered pipe threads should be avoided because they can
develop leaks without a sealant, and most pipe sealants contain Teflon.
However, if pipe threads are used, an epoxy adhesive is a preferred




sealant. Elastomeric o-ring seals should be avoided. However, it they
are used, the o-ring material should be carefully selected (e.g. Viton
is acceptable for some applications), vacuum baked, and a very thin film
of very low vapor pressure grease (e.g. Apiezon N) app.ied to the
o-ring. Should a joint require soldering or brazing with an acid flux,
such as with stainless steels, it is very important to use the least
active flux possible. Neutralize the acidic residue immediately after
making the joint (e.g. hot distilied water has been found Lo work better
than many formulated neutralizers), then promptly clean as previously
described.

An adsorber is required in the gas supply system. Adsorbers
typically contain a molecular sieve which will adsorb primarily H,0,
and to a much lesser extent COp and trace oils. The adsorber will
improve or maintain the gas purity for a period of time, after which it
begins to break through with contaminants. The amount of 3dsorbed H;0
is 3 function of the inlet gas purity, adsorbent mass, and initial
adsorbent dryness. A typical adsorber, 32 mm diameter x 160 mm long and
capable of operating @ 60 MPa, has a rating of 45.3 kSL of processed gas
with 10 ppmv Hy0 inlet purity. Adsorbers which have not been exposed
to oils or other hydrocarbons can be regenerated by heating and purging,
or vacuum baking, and re-used many times. If the adsorber breaks
through with hydrccarbons due to excess exposure, then it has to be
replaced. For long-term operations, it is recommerded that two
acdsorbers be placed in-1ine downstream of the gas source, and routinely
rotated with a third adsorber (i.e. the upstreaw adsorber is withdrawn
and regenerated, the downstieam adsorber is moved upstream, and the
third, regenerated adsorber is placed in the vacant downstream
position). It is recommended that a gas purity monitor be located
between the two adsorbers to detect early breakthrough of the upstream
adsorber.

A filter is required in the gas supply system downstream of every
adsorber, unless a filter is part of the adsorber. Filters typically
remove smaller particles from a gas than from a liquid. Therefore, it
is important to understand the filter being used, and the pressure drop
it imposes at the anticipated flow rate. APD Cryogenics supplies a
porous stainless steel filter integral with their adsorbers and on the
gas inlet of every JT cryostat. These filters typically have a 1 um
nominal and 3 um absolute gas filtration rating.

The most direct method of identifying unacceptable levels of
contamipants in the gas supply system 15 by using a gas purity monitor.
It is important to routinely sample the gas purity nearest the JT
cryostat. The APD Cryogenics gas purity monitor, p/n 2501060, will
freeze up within 5 min if > 2 ppmv H,0 or > 1 ppmv €O, 1s present in
35 MPa Np (Sec Figure 2). Although it has not been calibrated for
other contaminants, it is more sensitive to them than are most
cryostats, providing a quick go no-go gage of overall gas purity. A
hygrometer, gas chromatograph, or other gas sampling devices can be
employed to gain a more complete analysis.
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Fig.2. Gas purity monitor.
Freeze time vs. moisture content in nitrogen,

Hand1ing

It 1s important to minimize the exposure of JT Cryostats to Ho0
and other contaminants. Various storage methods can be employed to
control their exposure. Unprotected storage in a tvpical laboratory is
inadequate. The first improvement wouid be to seal the JT cryostat in a
water vapor-proof bag. A dust-free package of dessicant could be sealed
inside the bag tc adsorb Hy0. A second improvement would be to seal
the J7 cryostat in a room temperature dry box, either purged with pure
N2 or dessicated. A third improvement wouid be to store it in a
heated dry box, thereby degassing the surfaces. A fourth improvement
would be to store it in a vacuum oven, thereby withdrawing the outgassed
vapors. An oil-less. two-stage 30 L/min diaphragm pump @ < 25 torr on
an oven at 70 C has been found to reduce the Hp0 level to a few ppmv.
It iy important to keep the vacuum pump as close as possible to the
oven, and the overall system clean and leaktight. O0il-lubricated vacuum
pumps should be limited to 0.20 torr, and have a foreline trap to
inhibit oil from backstreaming into the oven.

Before operating a J cryostat, purge the gas supply system and
cryostat for several minutes with the pure processc gas © < 3 MPa. This
flushes air and outgassed contaminants from the piping system. It is




also important to properly warm up the JT cryostat and dewar after each
operating cycle. Cryopumping can occur on the exhaust side of the heat
exchanger which can condense Hy0 into the cold end area as it warms.
This Hy0 can freeze on the nozzle cn subsequent cooldowns and cause
erratic performance. Such adverse effects can be controlled by
exhausting to a controlled dry environment, by using exhaust check
valves to prevent backstreaming, or by continuing the supply gas at the
end of the operating period at reduced pressure, < 3 MPa, untii the cold
end is > 273 K. Low level contaminants in the gas supply may
accumulate, and backstreaming may occur during long operating periods
(i.e. days/weeks). Therefore, it is usually necessary to warm up the
system periodically.

When a JT cryostat has been exposed to excess H,0, vacuum baking
® < 25 torr and < 80°C overnight i1s recommended. Alternately, it can be
purged with pure Ny at < 3 MPa. Contaminants that accumulate in a
porous tilter are difficult to completely remove, and usually require
replacing the filter. Purging or vacuum baking may temporarily clean a
path through a filter loaded with condensible contaminants, but the
residual houndary contaminants will continue to mix with the incoming
purer gas. Flushing with a 1iquid solvent is not recommended because
the liquid will flush trapped particles downstream, and the solvent will
be difficult to remove from the filter afterward.

Temperature Stability

The temperature stability of a JT cryostat-cooled dewar and load is
dependent upon stable heat loads and a stable flow. Changes in heat
load result in a change in the AT between the device being cooled and
the liquid cryogen. Changes in flow rate have a small effect on heat
transfer AT as discussed in the next section, but do change the
pressure drop in the exhaust side of the heat exchanger. A change in
the pressure of the liguid, whether it is caused by a change of pressure
drop, altitude, or a valve in the vent line, will cause a change of
temperature. For LNp at 77.4 K the change is 0.088 K/kPa. The nozzle
flow is a sonic compressible gas condition, proportional to supply
pressure and nozzle temperature as P/7 = Therefore, as the supply
pressure varies, as a pressure regulator fluctuates, or as a demand flow
nozzle varies, so will the stability of the cold end temperature. These
effects may cause a slow temperature change as the gas supply pressure
decays in a bottle or a rapid charge if the demand flow control adjusts
suddenly.

A fixed flow JT cryostat or a dual-orifice type will generate an
excess amount of liguid cryogen. The steady flow rate and excess 1iquid
provide very stable temperatures, usually < 0.2 K/s variations. A
demand flow JT cryostat will generate liquid cryogen proportional to the
heat load, minimizing gas consumption, but the flow rate will vary,
causing temperature f{luctuations. Improved design and manufacturing of
demand flow JI cryostats has resulted in routine temperature stability
of < 5 ¥ above the saturation temperature while maximizing gas
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utilization. Better stability, within 1 X of the saturation
temperature, can be obtained by increasing the average flow rate after
cooldown, thus trading gas consumption for stability. This also reduces
the susceptibility to clogging.

Heat Transfer of Liquid Cryogen

Gas consumption is minimized by designing the dewar cold end to
have the lowest thermal mass and steady-state heat losses possible while
providing the required structural support. For cylindrical plug-in JI
cryostats, this is accomplished in general by minimizing the diameter of j.
the heat exchanger sleeve. However, if the cold end cap is bonded
directly to the end of the minimum diameter sleeve then the surface area
may not be great enough to reduce the heat transfer AT to an
acceptable level across the liquid film produced by the cryostat.

Figure 3 shows the design of a test sleeve that has been used to
measure the heat transfer AT and test results for sleeves having
inside diameters of 3.37 nm and 5.18 mm. Accurate measurements are
obtained bv brazing a flat copper plate to the end of a 0.076 mm wall
stainless steel tube. The temperature of the liguid in the sleeve is
determined by measuring the pressure in the heat exchanger mandrel, Pl,
which has no gas flow. The temperature of the copper end piece is
determined by mecasuring the pressure of liquid in the vapor ' b, P2,
which is machined into the copper. Tests were run with Ny a: supply
pressures in the range of 34 MPa to 10 MPa using fixed flow JT cryostats
and a demand flow type all venting to 0.10 MPa. Measurements were also
made with LN»> in the sleeves. The sleeves had static losses of about
200 mW to which additional heat was applied via heater wire wound on the
copper end piece. Test results show that the AT is greater for the
smaller diameter sieeve, as expected, and is less for the high velocity
1iquid produced by the cryostat than for static LN,. In either case
the AT can be significant.

The data for the demand flow JT cryostat includes the AT due to
pressure drop in the heat exchanger exhaust which tends to be small
relative to the heat transfer AT. Conversely, for fixed flow JT
cryostats the elevation of the saturation temperature due to pressure
drop in the heat exchanger exhaust cdan be larger than the heat transfer
aTl, especially at high supply pressures. Actual values are a function
of the heat exchanger design and nozzle size. An elevation of 1.6 K was .-
measurcd for the 3.30 mm dia. cryostat at 34 MPa supply pressure.
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Dewar Effects

The dewar is essentially a vacuum-insulated container. Proper
dewar design for JV cryostats should include the foliowing:

(1) For cylindrical plug in, finned-tube JT cryostats: A bore with
+/- 0.0127 mm diameter tolerance, straightness within 0.001
mm/mm of length, and a depth such that the nozzle tip installs
within 0.5 - 1.5 mm of the inside face of the cold end.

(2) Minimized conduction heat losses entering the cold end, with
vacuum insulation < 1 x 1073 torr over the ambient
temperature range for the intended life, and radiant heat
shielding.

(3) Minimized cold-end volume, maximized heat transfer surface
area, and minimized load thermal mass. Ffor complex load
geometries, the component materials should have high thermal
diffusivity, and the arrangement should attempt to minimize
thermal gradients esnecially during cooldown. It has been
found that demand flow J7 cryostats will regulate flow (i.e.
refrigeration) according to the local heat load which may be
much less than the total load, thus extending the cooldown.
This i5 cue to poor thermal communication between the total
load and the cooler.

The thermal response of a plug-in JT cryostat in a given dewar can
be characterized by measuring the following:

(1) the temperature sensor's sensitivity with respect to .
temperature, its repeatability, and stability with liquid
cryogen inside the dewar bore;

(2) the cooldown time from the ambient temperature by injecting
liquid cryogen into the dewar bore; and

(3) the steady state heat l1oss over the lower cold end half of the
bore using a liquid cryogen. (Plot the volume of boiloft gas
vs. time. Calculate the ave. boil-off rate during the "lower
half" period, ignoring the non-linear rate near the end.
Multiply by the latent heat of vaporization and the NTP density
tor the cryogen used. For LNp: heat loss [mW] = boil-off
rate [sL/min] x 38562.)

Gas Mixtures

A large number of gas mixtures have been tested in J7 cryostats of
different efficiencies. In general, it is found that adding a gas such
as CHq to Np providec a refrigeration effect approximately in
proportion to the sum of their separate refrigeration effects, but the
operating tempercture can be closer to the saturation t¢ perature of the
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colder constituent. [f the heat load is increased, or the efficiency of
the heat exchanger is decreased, then the saturation temperature
increases toward the higher temperature constituent. Adding a gas such
a< hydrogen (Hp) or Ne to N can reduce the boiling temperature

below 77.4 K while venting to atmospheric pressure.

Figure 4 shows the results of a test with a mixture of 0.1 Nes0.45
Ar/0.45 Np from a 60 mL bottie charged to 42 MPa using a fixed flow JT
cryostat venting to 0.10 MPa and a repeat test with pure N;. The
following observations apply to this test and are generally true for all
of the tests with mixtures:

(1) Initial cooldown is faster, but the time to 80 K is the same
for the mixture compared with pure Nj.

(2) There is a time delay for the mixture to reach minimum
temperature due to the time it takes to reach equilibrium
concentrations in the liquid.

(3) The temperature increases with time after reaching minimum
temperature because the heat l1oad is increasing relative to the
rate at which refrigeration is produced. The increasing
temperature is superimposed on 3 small decrease in temperature
due to the decreasing gas pressure from a fixed volume and
decreasing pressure drop in the heat exchanger exhaust as the
flow rate decreases.®

(4) The temperature of th~ mixture rises at the end of the test
toward the NBP of the higher temperature constituent, in this
case Ar, and holds there while the residual liquid, rich in Ar,
evaporates.
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SUMMARY

JT cooling systems are relatively simple and versatile but have
frequently presented problems for the user because of their sensitivity to
contaminants. It is hoped that the experience which is presented in this
paper will help users design and operate JV7 systems with a high degree of
success.
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CHARACTERIZATION OF COOLANTS FOR JOULE-THOMSON
CRYOCOOLERS

B. Maytal* and S. W. Van Sciver
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ABSTRACT

The main thermodynamic charactenistics of a coolant for the Joule-Thomson
cryocoolers include: the isothermal and isenthalpic Joule Thomson effects (Ah),
(AT), and the normal boiling temperature T, .. The present paper describes general
trends in the candidate gases for Joule-Thomson cryocoolers. Correlations are
presented for the generalized integral inversion curve and for (Ah)y as a function of
boiling temperature. The potential use of gas mixtures adds a new dimension to the
coolant selection process.

NOMENCLATURE
Cpo specific heat , J/(mole K) Q heat load, W
h molar enthalpy, J/mole T temperature, K
QIG molar enthalpy of an ideal gas, Tyoin  ncrmal boiling temperature, K
J/mole T, critical temperature, K
_th molar enthalpy departure from T, reduced temperature, T/T,
ideal gas, J/mole (AT), isenthalpic J-T effect, J/mole
(Ah)y isothermal J-T effect, J/mole z compressibility, PV/RT
P pressure, Pa K J-T coefficicnt, (9T/0P),, K/Pa
P, critical pressure, Pa
P, reduced pressure, P/P,

*On sabbatical leave from RAFAEL and TECHNION-Israeli Inst. of Technology.
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INTRODUCTION

The Joule-Thomson (J-T) cryocoolers based on Linde-Hampson liquefaction
process are widely applied in cold electronics, night vision and guidance systems' and
(more specific type) space applications.2 In most cases, they are constructed as
compact finned or rniniature photolithographically proccssed3 heat exchangers with or
without a flow regulating mechanism. However the physical description does not
include one of the most important components that of the coolant. The
thermodynamic characteristics are a significant feature for /* ‘esign and operation of

a J-T cryocooling system. The present paper represents . pl 0 summarize some
of the main thermodynamic parameters of candidate co- - .uids and their
interrelanon.

MATCHING SYSTEM REQUIREMENTS: T ... (Ah)y and (AT),

The Joule-Thomson cryocoolers for sensors have to meet three principal and
fundamental demands: (a) sensor operation temperature, (b) gas consumption and (c)
cooldown rate (or period). The vanous systems might be classified according to the
emphasis on each of those demands. For example, low gas consumption systems
which are not concerned about the cooldown period or fast cooling down system‘1 for
short operation where the gas consumption is of little importance. In between there
are many other weighted combinations of these demands. The characteristics of a
coolant are directly derived from the above systems requirements. Three coolant
factors describe the ability to meet those requirements:

(a) Sensor's Operation Temperature

The designed sensor temperature is chosen to provide the optimal performance
of the device. Possible sensor temperature are mainly the normal boiling
temperatures: T, ., of liquefied gases. In practice two additional construction details
should be taken into account: (1) thermal resistance between coolant bath and sensor
and (2) back pressure resulting from hydrodynamic resistance of outlet flow. Higher
back pressure will increase the boiling temperature.

Figure 1 shows the discrete normal boiling temperatures which are availabie
using liquefied pure coolants. Any intermediate temperature among those is
unachievable. The wide gap between Neon (27.1 K) and Nitrogen (77.4 K) of course,
cannot be brnidged by any pure coolant. (One possible solution using gas mixtures will
be discussed later.)

(b) Gas consumption

The energy-based specific refrigeration content of a coolant 15 well represented
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by the isothermal Joule-Thomson effect, (Ah)y, defined through notatons on Figure 2:
@) =h , -h =h(0.1MPa,T) - h(P.T)

Applying the First Law of Thermodynamics for an open system and assutiing an ideal
heat exchanger of equal outlet and inlet temperatures one gets:

Q =n (Abr

A given heat load (Q) is carried through a smaller molar flowrate (n) by a coolant of
higher (Ah);. A smaller compressor will be sufficient for the same mission. There
are application of autonomous operation: pressunizing throvgh a storage vessel.
Reduction in the gas consumption will result in reduced volume or weight of the
vessel and simplify the logistics of vessel's supply. It is advantageous to use molar
quantities because similar number of moles of different coolants raight be contained at
a same vessel.

(¢} Cooldown rate

Just at the very beginning of the cooldown process, the "driving force” 1s the
temperature drop for isenthalpic expansion through the nozzle, (AT),. That process is
a transient phenomenon of the heat exchanger while being forced through the
temperature difference (AT), between the cold and hot streams. The (AT),, is the
integral isenthalpic Joule-Thomson effect which is a state dependent coolant feature.
For similar flowrates the higher (AT), coolant will result in a more rapid cooldown of
the cryocooler. Following the notation of Figure 2 let T, and T, be the inlet and
outlet nozzle temperatures. They fulfill the isenthalpic relation:

E(Tl,P) = Ll_(Tz,Ol MPG)
and

(Aﬂh =T2 - Tl

THE INTEGRAL JOULE-THOMSON EFFECT, (AT),

The Linde-Hampson liquefaction system 1s controlled by the J-T integral rather
than by the differential form, p = (dT/0P),. However, most of the data available in
physics and engineenng likewise 1s processed in the differential form. These two are
interrelated through the line integral over the isenthalpic curve:

0.1 MPa
@Dy P, D= [ u@PDadP
P




The inversion curve has been prepared for many gases and model-d by some
generalized equations of state.!® An integral inversion curve in tzrms of reduced
temperature and pressure is plotted in Figure 3. The graph dispiays the locus of states
(pressure for each temperature) which will exhibit an overall cooling down etfect,
while expanding isenthalpicly from any P, to P, = 0.0.

Following the law of corresponding states, the generalized integral inversion
curve can be displayed in terms of reduced parameters for all gases with similar
acentric factors (in the sense of ref. 5). N,, Ar and CO are examples of low acentric
factor gases (correspondingly o = 0.04, 0., 0.049). Fifteen experimental values®
representing (AT), = 0 have been correlated in Figure 3. The solid line which is the
proposed generalized integral inversion curve is written:

T, = 52292 - 0.10510 - P, + 5.6442 - 10~ - P”

[ —— i pa— T T T T

LExpansion from P to F, =0.0]

1.0}

0.0 . 1 P v L . i A A —t " PO )

Fig. 3: Generalized integral (and differential) Joule-Thomson inversion curves.
Points for N,, Ar and CO based on ref. 6.
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A correlation factor of 0.993 is obtained for these data. The generalized differential
inversion curve is also shown following the correlation proposed in ref. 10. Both
curves should coincide at the maximum inversion temperature (P, — 0); however, some
deviation is observed since the data is obtained from various experimental sources.

The integral cooling zone contoured by (AT), = O is larger and inciudes the
differential one obtained from setung 4 = 0. For instance, nitrogen in the state of 50
MPa and 300 K is represented in Figure 3 by point Y corresponding to P, = 14.73 and
T, = 2.37. That state is out of the differential cooling zone so it will heat up through
differential expansion. However through integral expansion to 0.1 MPa (P, = 0.0) it
will still cool down.

The (AT),, may serve for ordering the coolants (Table 1) according to their
cooling down rates. Argon, having a more negative (AT), will cool down faster than
nitrogen. That is in accordance with practice using for fast cooldown applications7
Argon or in sequenced operation followed by nitrogen. The positive (AT), helium
based on ref. 8 means that under the mentioned conditions the Joule-Thomson
"cryocooler” will heat up. (The results of an experiment 10 demonstrate the effect are
shown in Figure 4. Temperature rises at three rates according to the applied helium
pressure.)

Table 1: Ordering of coolants through their
integral isenthalpic J-T effect (AT), at 30 MPa and
300 K. (Based on Peng-Robinson equation of state. %)

He + 187K |
N, -415K
F, -459K
CcoO -478 K
0O, - 658 K
NO -705 K
Ar - 818K
CH, - 1078 K
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Fig. 4: Heating up by helium expansion through a Joule-Thomson

"cryocooler” (expenimental results).

Furthermore, different states of the same coolant or two coolants at different
states (Tablc 2) are comparable through (AT),, for their cooling down rates. At the
above example: nitrogen at (50 MPa, 300 K) will cool down at the same rate as argon
at (30 MPa, 300 K). (The benefit of pressurizing up to 60 MPa might be longer
operation at tae same vessel's volume). Or, argon at (20 MPa, 300 K) has a similar
cooling down rate as nitrogen at (30 MPa, 235 K).

INTERDEPENDENCE of (AT),, (4h) and Ty

(a) AT, and (Ah);

For any gas, the general relation was provcn()

Ah
(A T.);1 = i__zz

Cpo




Table 2: Integral isenthalpic J-T effect (AT), for nitrogen and argon at various states
(reference 6)

(AT), (K)
T=30K P = 30 MPa
P nitrogen argon T nitrogen argon
10 MPa -18.7 -355 2% K -40.7 -86.5
14 MPa -25.0 -47.0 280K -44.0 -925
20 MPa -313 -62.2 2710 K -47.6 -99.5
30 MPa -37.7 -80.5 260 K -51.5 -107.2
40 MPa -39.0 -90.4 __250 K -55.6 -115.4
50 MPa -37.6 -94.0 Bl 240 K -60.0 -124.2

where Cpo stands for the specific heat at the low outlet pressure (atter Joule-Thomson's
expansion). It is a good approximation for any ambient temperature assuming Cpo 1S
nearly temperature independent. Let us compare two states of the same coolant or a
group of coolants with simiiar heat capacities like monoatomic gases (18 J/mole K) or
bi-atomic gases (28 J/mole K). We may conclude that a higher (Ah)y involves a
higher (AT),. Put another way: a coolant with higher cooling content is aiso faster at
cooling down. In the general casc of an imaginary gas, without information about the
Cpo We cannot apply the above conclusion with the same evidence. However, for all
known gases of low boiling temperatures the above conclusion is fulfilled.

Comparing (Ah)y for different gases, an assumption should be made about the
common basis in terms of the applied pressure. Following the law of corresponding
state we may assume for that purpose pressurizing by P, ~ 10. At that reduced
pressure the largest isothermal integral Joule-Thomson effect is achieved for 1.2 < T,
< 3. The diffcrential inversion curve is the locus of maxima of isenthalpic lines at P-
T plane. The above range of reduced temperatures is adequately comprehensive tor
most cryogenic sensor's cooling, starting liquefaction at 290 K < T < 320 K. On
Figure 5 (Ah)y is described as function of Ty, for sixteen coolants at 310 K and
P, = 10. For each coolant it was calculated through the three parameters Peng-
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Fig. §: Integral isothermal Joule-Thomson effect (Ah)y for different pure

conlant as function of their boiling temperatures.

Robinson*? equation of state and compared to some (experimental) data.®

The general observed trend in applicative termas is: a coolant of lower
liquefaction temperature is less refrigeration content. The solid line represents an
approximated expression derived in Appendix through the two parametric van der
Waals equation of state:

(Ah)p = 1172 i;. T,

GAS MIXTURES

The search for a proper mixture is very attractive because of the additonal
degrees of freedom in coolant design or choice. Some of the points that make it very




special are:

(a) Bridging the gaps between the discreet normal boiling temperatures of pure
substances. For example: a sensor optimally performing at 65 K have o be cooled
by liquefied mixture, because there is no pure coolant between nitrogen (77.4 K) and
neon (27.1 K).

(b) Possible more refrigeration content mixture than a pure substance having the same
boiling temperature. Kocppc“ showed experimentally that integral isenthalpic J-T
effect for mixtures was at least equal to the miolarly weighted mean effect of the pure
components. Alfeev!? pointed out the improved efficiency in mixtures operated J-T
coolers. Little!? reports on a mixture of halon, hydrocarbons and nitrogen beinz more
efficient and faster than nitrogen itself at 8() K.

(c) Generally the cooler design is not affected by the use of mixtures instead of pure
coolants, which means that the same technology and hardware can be applied.

CONCLUSIONS

The thermodynamic parameters of pure coolants Ty, (AT);, and (Ah)y are
interconnecied. Both (AT), and (Ah)y are increasing functions of Tpo- Mixing of
pure coolants ic a source for new coolant with new pseudo-critical parameters.

APPENDIX

Real gas enthalpy departure from the ideal gas model, hR, can be formulated’?
through its compressibility, Z, as:
R IG T, A
A5 RPD -HOPD J‘ 0Z | 1 (1a)
RT RT r o, | P,

I4

P, -0,T,

For simpler drawing of the general trend we may avoid the differences of molecules’
acentnic factors and apply the two parameters van der Waals equation of state.

Recalling that hiG is only temperature dependent we get:
ahr = hF (P, 'T) -* (P T)
P, o (2a)
{- 36;_ 57;;:: T2 (Z~1)RT}
Pl’.ln




where P, = P,y / P and P, = 0.1 MPa / P_.

Let us assume P, ~ 10. (For cases of 1.2 < T, < 3.0 it gives the maximum
Joule-Thoimnson effect.) From compressibility data we get Z (P, ~ 10) ~ 1. Assuming
empirically Ty, ~ 0.6 T, and P, >> P, we get from (2a)

r,out

r,out

R 2

It should be remarked that for T, < 100 K the termn in equation (2a) thar includes Tc2
is not big enough in comparison to (Z-1) RT, so that relation can not be applied.
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RECENT DEVELOPMENTS IN
CLOG RESISTANT AND DEMAND FLOW CRYOSTATS

J. W. Prentice, G. Walker, and S. G. 2ylstra
General Pneumatics Corporation
Western Research Center
Scottsdale, AZ 85260

ABSTRACT

A cryostat composed of a special anti-clogging Joule-
Thomson (J-T) expansion nozzle combined with demand flow
regulation, derived by the use of materials with different
coefficients of thermal expansion, was developed in the recent
past. This new type of crycstat has proved to be remarkably
rugged and highly resistant to blockage by contaminants in the
gas flow. In addition, the cryostat has displayed
surprisingly stable temperature characteristics.

The new cryostat design has now been applied to a variety
of systems with different fluids and special requirements over
a range of refrigeration capacities. This paper will discuss
some of the interesting situations and problems encountered in
devising new variations of the basic design. Recent
applications include use of 1liquid cryogen working fluid,
modular designs, and variable capacity systems.

INTRODUCTION

Development of the General Pneumatics (GP) patented
cryostat design has progressed at the Western Research Center
since the previous paper "A Non-Clogging, Temperature-
Sensitive, Closed-Cycle Linde-Hampson Cryocooler"' presented
at the Fifth International Cryocococler Conference held in 1988.
Following fabrication and testing of a cryostat for NASA
capable of producing up to 37 Watts of refrigeration at 85 K
when supplied with nitrogen at 13.8 MPa, attention was turned
toward producing a 1/4 Watt common module size cryostat, shown
in Figure 1.
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FIGURE 1. COMMON MODULE SIZE CRYOSTAT

Additional low capacity cryostats have been fabricated
for use with nitrogen, argon, mixed gases, and liquid methane.
Proposed uses have included deriving refrigeration while
venting liquid hydrogen, to replacing a two-gas cooldown
system with a single demand flow cryostat.

DESIGN FEATURES

Each of the GP cryostat designs are unique to the field
of cryogenics in that they feature a clog resistent J-T
isenthalpic expansion nozzle. Additionally, the flow (hence,
refrigeration capacity) is controlled by cptional combinations
of a demand flow feature and a manual micrometer-like
adjuster. MAs cuoxpericn.é hes £cin gained, these and other
features along with the related fabrication techniques have
been refined.

NOZZLES

The nozzle of the cryostat converges to an annular
orifice formed by a tapered core. Circumferential grooves
machined into the tappered core provide turbulence which
aliows wider flow passages and helps to break up and clear
contaminants. This action combined with the large annular
circumierence relative to the flow area provides the patented
clog resistent characteristic of the nozzle.




The included angle of the converging nozzle geometry
influences adjustments to the mass flow rate. A 30 degree
included angle increases the flow area more for each linear
movement of the core than does a 15 degree angle, No
appreciable difference in refrigeration capacity has been
noted when comparing the 15 and 30 degree angles. Nozzle
angles are therefore chosen Dbased on flow control
requirements.

During testing of a non-demand flow GP cryostat with a 30
degree nozzle, it was noted that the mass flow of the liquid
methane working fluid increased slightly as the temperature at
the nozzle decreased. The cause of the variation has been
identified as the unexpected decrease in the kinematic
viscosity with temperature. As the temperature decreased the
dynamic viscosity increased, but the density increased more
dramatically. Thus, the flow increased.?

DEMAND FLOW REGULAIION

Demand flow regulation is the ability of a cryostat to
achieve and maintain its refrigeration temperature with
minimal flow while subjected to varying heat 1loads. The
optional GP demand flow feature is achieved by differential
thermal contraction of the materials supporting the nozzle and
its core.

GP cryostats have been tested that regulated from an
initial cooldown flow of 18 standard liters per minute (slpm),
measured at the exit, to 3 slpm after achieving 1liquid
nitrogen temperature. This was calculated to be a change from
5.2 to .9 watts of refrigeration based upon a 7% liquid yield.
By using thermally active 304 stainless steel and thermally
inactive Invar 36 in conjunction with a 15 degree included
angle rozzle these cryostats can maintain their heat loaded
temperature well within 1 K.

MANUAL FLOW REGULATION

Micrometer manual flow regulation has been provided for
both demand flow and non-demand flow cryostats. When used
with the demand flow feature it enables the user to set the
initial flow which determines the rate of cooldown and then,
if needed, to set the lower 1limit of the flow at the
refrigeration temperature. When used with a non-demand flow
cryostat it allows for accurate adjustment of refrigeration
capacity within its range of heat loads.




Several micrometer configurations have been designed
using differential threads to provide as much as 3024
equivalent threads per inch (108/112 pitch). One design using
brass against stainless at the thread interface was found to
bind at liquid methane temperatures near 111 K. Differential
contraction in the longitudinal direction was suspected as the
cause. The most recent micrometer design avoids this problem
by using Inconel 718 against 316L stainless and by using a
more tolerant 70/72 pitch differential thread (2520 equivalent
threads per inch). Also, the thread arrangement allows the
slightly more thermally active stainless threads (16 X 107
m/m-K) to contract away from the Inconel threads (13 x 10°°
m/m:-K).

HEAT EXCHANGERS

GP cryostats employ helically wound finned tube heat
exchangers constructed of 70/30 copper/nickel alloy. The heat
exchanger is formed by wrapping the finned tubing around an
inner sheath tube. A polyester thread is co-wound above and
below the finned tubing to provide spacing and to direct the
flow close to the finned tube. The number of wraps determines
the overall length of the heat exchanger.

The internal diameter of the heat exchanger tube carries
the high pressure flow to the nozzle. The configuration of
the external finned or low pressure side primarily determines
the effectiveness of the contra-flow heat exchanger.
Effectiveness can be calculated by the eguation 3:
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FIGURE 2. EFFECTIVENESS
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As the effectiveness approaches 100%, additional wraps of
the finned tube have 1less influence due to the reduced
temperature difference between the high and low pressure sides
of the heat exchanger near the high temperature end.

The pressure differential (AP) across the length of the
return flow side primarily affects the temperature at the
nozzle. Increasing the AP increases the temperature,
Considerations that influence the AP are the return flow area,
the size and existence of a co-winding, the flow rate, the
density et the working fluid, and the overall length of the
heat exchanger.

GP crycstat 2527DA0017 (rigqure 3) was tc<ted with several
lengths ot heat exchanger and two sizes of co-winding over a
range of flow rates using nitrcgen supplied at 13.6 MFa. For
nominal fiow rates of up to 20 slpm, heat erxchanger lengths of
35 or nore wraps provided 97 to 99% effectiveness. One
cryocstat with 39 wraps produced refrigeraticn at a maximum
flow of 22 sipm. With the game cryostat, 43 wraps did not
Ipprove thoe hceat exchanger etfcectiveness, but did extend the
maximun tlow rate to 24.5 slpm. Another contiguration with 26
wraps was fcund to have an effectiveness of 92.3 to 98.5%
duepending upon the flow rate. Increasing the diaweter of the
co-winding trom .127 mm to .254 mm increascd the effectiveness
by an average 2%.

FIGURE 3. CRYOSTAT #527DA0017
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MODULAR CRYOSTAT

The concept of a modular cryostat was proposed by Jack
Jones of the Jet Propulsion Laboratory at a meeting that tock
place in January 1990. It was suggested that a cryostat could
be designed with a precooling boss such that a series of like
cryostats could be linked together, each one precooling the
next (Figure 4). 1In this configuration cryogenic temperatures
could be reached effectively in low pressure systems.

The first prototype modular cryostat was produced under
a contract with Aerojet ElectroSystems (Figure 5). The design
objectives using argon as the working fluid and the initial
test results are enumerated in the following paragraphs.

3
1
% %

-

FIGURE 4. MODULAR CRYOSTAT CONCEPT




FIGURE 5. MODULAR CRYOSTAT

REFRIGERATION CAPACITY

It was desired that the refrigeration capacity at the
cold end of the cryostat would be approximately 1 watt at 90
K for each 0.01 grams per second of argon flow over the range
of .01 to .07 g/s. For a latent heat of vaporization equal to
162 Joules/gram this implies a minimum required liquid yield
of 61.7 %. Argon enters the cryostat at 4 MPa from 300 K. It
can be shown on a Temperature vs. Enthropy (T-S) diagram
(Figure 6) that only 4% liquid yield would be produced by a J-
T cryostat under these conditions.® Theretfore, the modular
cryostat was designed to include a precooling section referred
to as the condenser.

CONCENSER

The condenser was positioned to divide the finned-tubing
heat exchanger into an upper and lower section. The location
was determined by thermodynamic analysis and confirmed by the
T-S diagram. Argon gas enters the condenser at near 165 K
having been cooled by the sensible heat extraction of the
upper heat exchanger. Argon leaves the condenser as saturated
liguid near 130 K. Additional heat is removed by the lower
heat exchanger before the 1liquid 1s introduced to the
isenthalpic expansion cf the nozzle.
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NOZZLE

The working fluid passing through the clog resistant
nozzle expands to the pressure of the coldwell producing a
mixture of liquid and vapor. The pressure is dependant upon
the outlet tube pressure plus the return flow pressure drcp of
the heat exchanger.

HEAT EXCHANGER

The herat exchanger was designed to mininize the return
flow pressa.¢ drop to 6.8 KPa (1 psi), thus insuring a
refrigersticn temperature of 90 K or less. During testing the
pressuvre v «5 measured to be slightly more than 6.8 KPa for the
maximum flow rate of .07 grams/second.

It wis determined that the effectiveness of the upper
heat exchanger could be as low as 380%. Any difference hetween
the actual and 100% can be made up by extracting more heat
through the condenser. Furthermore, any inectticienciles 1n the
lower heat exchanger would pass on retrigeration tc the upper
heat exchanger and enharnce its efficlency.

TEST CONFIGURATION

The test eqguipment was configured to measure the
resultant refrigeration capacity at the anticipated 90 K
termperature cold end. An Omecga Ptl00 RTD insecrted into a
ST copper block fitted around the coldwell provided
tcm vrature measurements. Correction to these measurements
was needed to compensate for inadequate thermal anchoring.‘
The power required to vaporize the ligquid argon,
(refrigeration capacity), was determine fromnultiplication of
the voltage and current applied to a carbon resistor inserted
into the copper block.

The rote of heat extraction from the condenser was also
detormined. A copper bar attached to the condenser by a #6-32
UN. screw provided a heat transfer conduit to a 1liquid
nitregen heat sink. The sink was fabricated by silver
soldering a 3.18 mm (.125 in.) stainless stcel tube ¢ iled
around a 19 mm (.7% in.) diameter copper rod. A Mincol ter
bu ton was attached to the copper bar te balance the heat i1oad
ot the liouid nitrogen tiow through the tube. An RTD was
potted into the #6 screw to monitor the temperature at the
condenser. 1In this way the heat extracted could be calculated

as the heat capacity ot the viqquid nitrogen flow minus the
heat load of the heatelr bution required to maintaln the
desired temperature at the cordencor (10 e ;
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FIGURE 7. HEAT TRANSFER CONDUIT

An inverted belljar was adepted to provide vacuun
insulation arocund the cryostat and the condenser heat sink
(Figure 8).

- X

FIGURE 8. BELL JAR TEST CONFIGURATION




TEST RESULTS

Test results indicate that both the modular cryostat and
the test equipment functioned in predictable manner. With
argon supplied from 300 K at 4 MPa the cryostat was able to
produce additicnal refrigeration at 90 K in excess of the
amount provided by the condenser at 130 K. Below is a table
of test results.

Argon Flow Total (90 K) Condenser (130 K) Refrigeration
Refrigeration Heat Extracted Gained (90 K)
(gram/sec) (Watt) (Watt) (Watt)
.013 0.74 0.5 .24
.019 1.96 1.5 .46
.030 2.60 2.1 .50
SUMMARY

As experience is gained with the clog resistant nozzle it
continues to prove its capability in varied applications. The
demand flow and micrometer adjustment features are of
additional benefit wherever temperature stability and flow
control are required. It is anticipated that the most recent
development, the meodular cryostat, will enable cryogenic
temperatures to be reached effectively with 1low pressure
systems.
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